
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

CSI/RAECO 

X-RAY SEMINAR 

HAZARDOUS WASTE 

JULY 1989 

--

' mfmlm,l~1fj,lfll~l~,,~~~~~~~ 
', 466271 



~LSD 

t~ tf\J ~~ D 

I 
I 
I 
I 
I 
·I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



~-------~-------- --

I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 

Ooutokumpu 
- ELECTRONICS 



I 
Simultaneous analysis of six elements 
from liquid, powder and solid samples I 

The X-MET 880 can be equipped with one to six probes 
(with a Fe-, Cd-, Cm- or Am-source). Therefore the instru
ment is capable of analysing all the elements from alumi
nium to uranium. There can be 32 different programs 

X-MET 880 
• Expanded 400 spectra reference library 
• New dual source surface probe 
• Automatic multiprobe switch box 
• Storage for 32 multielemental programs 
• Improved built-in keyboard and LCD display 
• Surface probes for in situ analysis 
• Modular design for customized configuration 

to meet specific analytical needs 
• Built-in battery for 10 hours of field use 
• Interface to IBM PC or compatible. 

Also benchtop and on-line models available. 
For detailed information please contact: 

(calibration models) at a time, each capable of analysing 
up to six different elements simultaneously. Reprogram
ming to a different application is possible. The X-MET 880 
gives analyses from liquid, powder or solid samples. 

Elements: AI to U (13 to 92) 
Measurement method: Energy dispersive XRF 
Measurement capacity: Simultaneous analysis of six 

Waterproof class: 
Temperature: 
Voltage: 
Power requirement: 
Weight: 

freely selectable elements 
with 32 computing programs 
(calibration models) 
IP55 
- 25°C to + 60°C 
115/230 V ±20% 49 to 61Hz 
20 w 
8.5 kg (complete with surface 
probe SAPS) 
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P.O.Box 85, SF-02201, Espoo Finland • 
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REASONABLE SENSITIVITY (SCREENING) 

PoRTABLE 

COST EFFECTIVE 

FAST 

No SAMPLE PREPARATION (IN-SITU MEASUREMENT) 

SIMULTANEOUS MULTI-ELEMENT 

REPRESENTATIVE SAMPLING 

NoN-DESTRUCTIVE 

EASY TO USE 

CAN BE DECONTAMINATED 

SOFTWARE FOR MATRIX CORRECTIONS 

CALIBRATION STANDARDS AVAILABLE (SYNTHETIC) 

I.D. MODE FOR HHOT SPOTH DELINEATION 

MAJOR REDUCTION IN SAMPLES SENT TO CLP LAB 

EXPANDED SITE INVESTIGATION 

INCREASED EFFICIENCY OF INVESTIGATION 

REDUCES SAMPLE DISPOSAL PROBLEM 

RELIABLE RESULTS 

COMPUTER INTERFACE 

DATA LOGGER 

SoFTWARE 

TURN KEY SYSTEMS AND TRAINING 

RENTALJ LEASEJ OR PURCHASE AVAILABLE 

FACTORY SERVICE AND APPLICATION SUPPORT 

I Telephone AC 512-258-5191, TWX 910-874-1364, 11950 Jollyville Road, P.O. Box 203190, Austin, Texas 78720 
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COLUMBIA SCIENTIFIC INDUSTRIES CORPORATION 

P.O. Box 203190 
Austin, Texas 78720 

Phone (512) 258-5191 

Shipping Address: TWX 910-874-1364 
11950 Jollyville Road W ATS Line for Calls Outside Tex. 
Austin, Texas 78759 800-531-5003 (in USA) 

Hazardous Waste Site Screening with 
Field-Portable X-Ray Fluorescence 

Data Acquisition 

• R("(OIAl 'SIMUlATION l[AO tPPftl - OltiCIIIIAt. 5TAl[ 

Data Transfer & Processing Final Product 

1".: r. -. ··::. ,. -~ ·.• ... -. : . • .1 - - ·:·. --.- " • I 
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EMSL-LV Project Manager: L.A. Eccles 
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COLUMBIA SCIENTIFIC INDUSTRIES CORPORATION 

T H E X-ME T DATA L 0 G G E R (AND SMART RS-232 TERMINAL!) 
THAT FITS IN YOUR POCKET. 

It stands a mere S!s," x 
3" x 1", weighs all of 9 
ounces, and runs 
batteries. 

And, with the OrganiZer 
II's built-in peripheral 
port, you have a smart 
RS-232 terminal that 
talks to your X-KET and 
PC XT/AT or compatible. 

Use it to do just about 
everything you do with 
your desk-top or lap-top 
PC! Send, receive and 
store data. Load and 
run programs. Print 
files. No matter where 
you go---out in the 
field, through the 
plant, around the 
lab---Organizer II goes 
with you. 

NO EXPERIENCE NECESSARY! 

Org"'lnizer II is a full
featured personal com
puter. Add the RS-232 
Commlink. and It talks 
to your PC XT/AT. This 
smart terminal tits In 
your pocket! 

Solid sta-te 
EPROM memory 
units come in 
16K to 128K 

capacity tor 
virtually 
unl lmlted 
memory. 

You don't have to be a data communications expert"to set up an Organizer II "pocket" 
terminal. 

The system comes with it's own menu-driven software, including a program that 
automatically determines set-up protocols for communicating with your RS-232 devices. 

All you do is plug it in , load the software, then kick back and watch the data flow! 

IMPRESSIVE BY ITSELF! 

Organizer II gives you serious utility, data-handling and programming capacity even 
on its own: Up to 320K of on-board memory, a full-featured 2-line x 16 character LCD 
display that scrolls to 125 characters, and a 36-button keyboard. 

Two thumb-sized slots in the back of the machine hold solid-state EPROM ''Datapak" 
memory units with 128K capacity. 

STANDARD features of this sleek, precision-crafted instrument: SO function 
scientific calculator, appointment scheduler, diary, alarm, clock/calendar and more. 
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APPLICATIONS BULLETIN 

mi: Analysis of Hazardous Material 
WITH PORTABLE X-RAY ANALYZER 

1. INTRODUCTION 

The implementation ofthe Resource Conser
vation and Recovery Act (RCRA) and the 
Comprehensive Environmental Response, 
Compensation and Liability Act (Superfund) 
has increased the need to measure the chem
ical characteristics of wastes. The nature of the 
problem requires the measurements to be 
rapid and inexpensive yet with uncompromised 
accuracy and precision. Moreover, most of the 
critical testing has to be done in the field rather 
than in laboratory conditions if the program of 

ARSENIC 
BARIUM 
BROMINE 

CADMIUM 
CHLORINE 
CHROMIUM 

COPPER 

environmental monitoring is to be cost effective 
and timely. 

The Model 840, a battery operated Portable 
X-ray Analyzer, with its rugged and splashproof 
construction, is very well suited for such a task. 
It provides rapid , field screening analysis of 
hazardous waste samples - be they contami
nated soil or liquid - for "heavy metals" (and 
non-metals}, in a matter of one to four minutes 
per sample. The contaminating elements 
usually being determined include such recog
nized toxic elements as: 

LEAD 
MERCURY 
NICKEL 

ZINC 

SELENIUM 
SILVER 
THALLIUM 

TYPICAL MATERIALS ANALYZED ARE: 
• Samples of soil collected at the chemical waste dump site 
• Liquids such as waste oil 
• Vegetation 
• Swabs and tissues from wipe tests 
• PCBs in transformer oil 

2. EXAMPLES OF APPLICATION 

ANALYSIS OF HAZARDOUS WASTE CONTAMINATED SOIL 

MEASUREMENT CONDITIONS • Material analyzed: powdered soil 
As, Cu, Zn, Pb 
Sample Probe, 

COMMENTARY 

The 840 system was calibrated to measure 
mg/kg of arsenic, copper, zinc and lead in soil 
contaminated with hazardous waste . A set of 
18 analyzed samples of contaminated , pow-

• Elements measured: 
• Probe: 

• Radioactive source: 
• Measurementtime: 

Type HEPS (Xe/C02 ) 

100mCi Cm-244 
200 sec/sample 

de red soil was used for calibration. The calibra
tion samples were used "as received"* and 
were assumed to be homogeneous and repre
sentative of the sampled material. An aliquot 

*Samples and referee analyses courtesy of Tetra Tech, Inc. 
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of about 5 gm of each sample was transferred 
into a plastic cup with a 6 micron thick poly
propylene X-ray window, and then placed in 
the probe ior measurement. 

Any sample of natural soil always contains 
some iron, silicon, aluminum, calcium, stron
tium, rubidium - the elements characteristic 
of the Earth's crust. Of these, iron and rubidium 
are likely to interfere with quantitative determi
nation of the elements measured. In order to 
correct for th1s interference the instrument was 
set to recora for each sample the X-ray inten-

sities of the interfering elements in addition to 
those of the elements of interest. 

Element intensity and concentration data for 
each calibration sample were employed to 
develop optimum calibration for each element 
of interest using a multiple linear regression 
algorithm, which is an integral part of the 840 
software. 

Figures 1 to 4 show typical calibration plots, 
as obtained for As , Cu, Zn , and Pb. Table 1 
contains the results obtained with the calibrated 
840, as compared with the referee analysis. 
Table 2 summarizes the error data. 

ANALYSIS OF USED OIL SAMPLES FOR TOTAL CHLORINE 

BACKGROUND INFORMATION 
It is est imated that about 500 million gallons 

of used oil are burned each year in some 
30,000 bo ilers and industrial furnaces in the 
U.S.A. Since used oi l is often mixed with spent 
chlorinated solvents , a real danger exists that 
boilers may emit hazardous levels of solvents 
to ambient ai ', creating a cancer risk to humans. 

In November 1985, EPA published the rules 
on use and management of used oil. The final 
regulation bans sale of used oil tor fuel to 

nonindustrial users if the total halogen content 
of the oil exceeds the level of 1000 mg/kg. As 
a consequence of this regulation , the regulated 
community and the enforcement authorities 
will have to determine total halogens in used 
oils and fuels. Ideally, such determinations 
would be carried out in the field. 

Because a total halogen determination 
cannot be easily made either in the field or 
laboratory, EPA has agreed to interpret "total 
halogen" as total chlorine. 

MEASUREMENT CONDITIONS 

• Material analyzed: 

• Elements measured : 
• Probe : 

• Radioactive source: 
• Measurement time: 

used crankcase 
and fuel oil 
chlorine 
Light Element 
Probe, Type LEP 
20mCi Fe-55 
200 sec/sample 



COMMENTARY 

A set of 6 analyzed samples of virgin oil* 
(samples 1 A to 6A in Table 3), covering the 
range of 0 to 10000 mg/kg chlorine, were used 
to calibrate the 840 system to measure chlorine 
in samples of virgin and waste crankcase and 
fuel oil. 

Each sample was shaken in its bottle and 
then three 5 ml aliquots were withdrawn from 
each bottle for measurements. Each aliquot 
was measured for 200 seconds in a plastic cup 
with a 6 micron thick polypropylene X-ray 
window. Calibration was completed by fitting a 
calibration equation to the chlorine x-ray inten
sity vs concentration data, using the 840 
resident software. 

Table 3 lists the results obtained on samples 
of virgin (A-series) and waste (F-series) crank
case oil. Table 4 lists all pertinent calibration 
and error data. 

The same system can measure total chlorine 
in other liquids such as transformer oil (contami
nated with Aroclors) or wood preservative 
liquors (containing pentachlorophenol or 
"PENTA"). Since the 840 can simultaneously 
store up to eight (8) different calibrations, the 
instrument can be prepared to measure 
chlorine in any kind of medium encountered in 
practice. 

*Samples and referee analyses courtesy of Research Triangle Institute. 

I 
I 



I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

TABLE 1. RESULTS OF ANALYSIS - CONTAMINATED SOIL 

CONCENTRATION OF ELEMENT IN mglkg 

ARSENIC COPPER LEAD 

SAMPLE GIVEN 

1 1680 

2 1800 

3 1200 

4 990 

5 600 

6 780 

7 1380 

8 390 

9 2640 

10 2460 

11 2820 

12 2940 

13 4080 

14 2170 

15 3240 

16 2400 

17 1930 

18 200 

20 ' 2820 

21 1800 

22 200 

23 7.5 

24 23 

25 1330 

NOTES: a) 
b) 
c) 

MEASURED • GIVEN MEASURED GIVEN MEASURED 

1804 :!: 32 • 2900 2878 :!: 28 735 740 :!: 38 

1736 :!: 36 2450 3497 :!: 34 1580 1769 :!: 43 

1283 :!: 29 2580 2826 :!: 28 643 595 :!: 37 

954 :!: 23 1080 1025 :!: 18 257 225 :!: 33 

593 :!: 19 449 502 :!: 14 60 0 :!: 32 

895 :!: 24 2210 2176 :!: 24 389 265 :!: 34 

1366 :!: 27 1330 1252 :!: 20 607 515 :!: 36 

4S8 :!: 19 925 892 :!: 16 133 40 :!: 32 

2854 :!: 45 6730 6989 :!: 45 1600 1696 :!: 44 

2470 :!: 44 9580 9216 :!: 53 1610 1529 :!: 43 

2884 :!: 49 9970 9854 :!: 54 2090 2047 :!: 46 

2980 :!: 45 5240 5232 :!: 40 1970 1886 :!: 45 

3880 :!: 61 12800 12980 :!: 66 2910 2912 :!: 51 

- 2130 :!: 42 6480 6642 :!: 46 1630 1620 :!: 43 

3290 :!: 48 7600 7329 :!: 46 1930 1960 :!: 46 

2319 :!: 39 4570 4669 :!: 37 1580 1523 :!: 42 

1817 :!: 31 2130 2159 :!: 25 1060 967 :!: 39 

294 :!: 18 34 53 :!: 11 16 0 :!: 31 

2819 :!: 49 11000 11000 :!: 58 2160 1926 :!: 45 

1617 :!: 30 2580 2529 :!: 27 815 732 :!: 37 

311 :!: 18 28.5 33 :!: 11 17 0 :!: 31 

140 :!: 16 12 62 :!: 10 7 0 :!: 30 

293 :!: 21 18 61 :!: 12 6.5 0 :!: 31 

1229 :!: 26 1280 1308 :!: 20 465 417 :!: 35 

All measurements 200 sec each 
One standard deviation of counting statistics 
Samples 20-25 are unknowns and were not included in the calibration of the 
instrument Concentration data for these samples were revealed only after the 
840 measurements were reported to the customer. 

GIVEN 

2270 

5780 

2690 

1070 

254 

1250 

1160 

521 

6150 

7880 

8180 

5600 

11800 

7630 

5850 

4700 

2070 

77 

8760 

2460 

64 

183 

420 

1050 

ZINC 

MEASURED 

2314 :!: 32 

6139 :!: 45 

2762 :!: 33 

719 :!: 20 

292 :!: 15 

1243 :!: 26 

1250 :!: 23 

517 :!: 18 

6055 :!: 52 

8033 :!: 60 

8035 :!: 61 

5423 :!: 47 

11240 :!: 74 

8193 :!: 56 

5644 :!: 51 

5091 :!: 44 

2272 :!: 30 

104 :!: 12 

8226 :!: 63 

2601 :!: 32 

107 :!: 12 

223 :!: 12 

527 :!: 15 

1035 :!: 23 



TABLE 2. ASSESSMENT OF ERRORS 
ARSENIC COPPER LEAD ZINC 

CONCENTRATION 
RANGEMG/KG 0-4000 0-13000 0-3000 0-12000 

CORRELATION 
COEFFICIENT .996 .997 .991 .995 

RMS ("TOTAL:') 
ERROR • ± 110 ± 280 ± 115 = 360 

INSTRUMENTAL 
REPEATABILITY 0 ± 31 ± 21 ± 35 ± 23 

ERROR DUE TO 
HETEROGENEITY ± 15 ± 16 ± 45 :!: 25 
OF SAMPLE < 

DETECTION LIMIT: 
INTERFERENCE FREE ' 55 30 90 36 

WITH INTERFERENCE • 150 70 120 80 

Units are [mg /kg] . All errors quoted for 200 sec. 

NOTES 

a) As spread of the experimental data around the fitted ca libration curve. 
b) As one std . deviation of a series of at least ten consecutive measurements taken on 

the same, undisturbed sample. 
c) As one std . deviation of a series of at least ten measurements taken on various (or 

repoured) aliquots of the same sample corrected for counting statistics error. 
d) As 3 std. deviations of counting statistics obtained on "blank" sample (with elemental 

concentrations at zero level) . 
e) As above but on sample with lowest possible concentration of given element and 

high concentration of the other elements present . 

I 
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TABLE 3. TOTAL CHLORINE IN OIL 

TOTAL CHLORINE IN mg/kg: 
Sampl• Referee 

Analysis 

1A 156 

2A 500 

3A 1140 

4A 2123 

SA 50T5 

6A 9994 

A1 717 

A2 175;8 

A3 119;;' 

A4 1156 

As 675 

A6 175!1 

A7 580 

A8 119i' 

A9 1660 

AlO 1071 

Al l 645 

A l2 1559 

A13 610 

Al .! 1032 

A15 791 

0 1 193 

E1 1101 

F1 U321 

F2 181T 

F3 1226 

F4 2076 

FS 1475 

F6 1725 

As Measured With The 840 In Three Remarks 
Allquots Of The Same Sample 

81 191 230 

455 424 400 Calibration 

1070 1046 1046 Samples 

2110 2113 2176 

5081 5252 5080 

9926 9935 9928 

n1 788 704 

1667 1728 1732 

1339 1069 1154 

1066 1026 1037 

468 519 568 Virgin 

1673 1631 1736 Crankcase 

912 894 935 Oil 

1346 1375 1536 

1662 1675 1719 

1179 1250 1271 

889 859 913 

1618 1672 1640 

1519 1556 1461 

1080 1120 1069 

886 938 917 

1012 1051 1103 #2 Fuel0il 

1022 910 883 #6 Fuel0il 

1244 1283 1301 

1718 1727 1677 Waste 

1226 1250 1231 Crankcase 

1877 1858 1860 Oil 

1472 1411 1485 

1603 1638 1674 
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Parameter 

Parameter 
Value 

TABLE 4. ASSESSMENT OF ERRORS 
- TOTAL CHLORINE IN OIL 

Correlation Instrumental RMS ("Total " ) Detection 
Coefficient Repeatability . Error . Limit . 

.9999 :!: 3010 :!: 60 :!: 55mg/kg :!: 100mg/kg 
mglkg ' 

Notes: a) As one standard deviation of a series of at least ten consecutive measurements taken 
on the same, undisturbed aliquot. 

b) As spread of the experimental data around the fitted calibration curve. 
c) As 3 std . deviations of counting statistics obtained on "blank" sample (with element 

concentration at zero level) . 
d) Smaller value at 0 mg/kg chlorine, larger value at 10,000 mg/kg chlorine. 

The X·MET 840 

- - - --- - - - - - - ..,. - - - - - - - - - - - - - - - --- - -- ... --, 
Yes, I am interested in hearing more about the CSI 840 

0 Have salesman call. 

0 I want a demonstration at my location . 

0 Send quotation. 
0 Send further information on other X-MET 840 applications. 

NAME ___________ POSITION ___________ _ 

COMPANY NAME _____________________ __ 

STREET/PO. BOX _ _ ____________________ _ _ 

CITY ______________ STATE _______ ZIP ____ _ 

PHONE ___________________________ _ 

For furiher information please 
send the attached reply card 
or c all TOLL FREE 1-800-
531-5003 or (in Texas) 
1-512-258-5191. 

COLU MBIA SCIENTIFIC 
INDUSTRIES CORPORATION 

11950 Jol lyville Road 
PO. Bo:x 203190 
Austin, Texas 78720 
TWX 910-874-1364 
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A New Calibration Technique For X-Ray Analyzers 
.Used In Hazardous Waste Screening 

S. Piorek 
J.R. Rhodes 

Columbia Scientific Industries Corporation 
Austin, Texas 

ABSTRACT 
The rapid increase of interest in the use of X-ray fluorescence 

for on-site elemental analysis of solid hazardous waste is justified 
by the many advantages of the technique for this application; for 
example, multi-element capability over wide concentration ranges 
(100 mg/kg to 1000Jo), speed of measurement, potential for little 
or no sample preparation, and availability of low-cost field-portable 
instrumentation. 

One important difficulty has been in the area of calibration 
samples and methods. Calibration samples are required (1) to cover 
the many elements measurable over wide concentration ranges, 
(2) to enable possible interferences to be corrected for and (3) to 
physically match the analyzed material, particularly in particle size. 

The best available reference materials (fmely powdered geochemi
cal and mineral standards) do not contain nearly enough elements 
in appropriate concentrations, do not match the particle size of 
the material to be analyzed and are too few in_number. The use 
of real samples analyzed by a referee method is expensive, time
consuming and imposes the errors of the referee method on the 
X-ray analyses. 

This paper describes the preparation and use of calibration 
samples made by spiking uncontaminated soil with the elements 
of interest. These samples can be made to cover all the necessary 
parameters and are independent of any referee method. They can 
physically match the material to be analyzed so well that good results 
are obtained on coarse material without further sample preparation. 

Measurement results using a commercially available portable 
XRF analyzer are given for .the determination of Cu, Zn, As and 
Pb in contaminated soils. The results agree very well with inde
pendent referee analyses of the same soils. 

INTRODUCTION 
While it may seem obvious that in order to map the distribution 

of toxic chemicals at a hazardous waste site one has to measure 
the chemical characteristics of the site, the answer to "how to 
accomplish it in a reliable and cost-effective manner" is ~ot trivial. 

Three categories of analytical requirements are recogmzed by the 
U.S. EPAI. The highest level, Level One, consists of the most 
accurnte and precise analytical methods used for me~surement. They 
are also the most eJtpensive. labor-intensive and ume-co~summg. 
Such analyses are always performed in laboratory condtllons and 
are used to provide data for litigation or enforcement procedures 
under the Contract Laboratory program. Second Level analysts 1s 
used to assess average pollutant eJtposures to humans and animals 
and does not require the highest degrees of accuracy and ~reciSI,on. 
Third Level analysis-called screening-provides data for msuu deline-

428 MONITORING AND SAMPLING 

ation of sites or hot spots and for selecting samples to be sent for 
First and Second Level analyses. 

In order to be effective, screening analysis has to be fast. simple 
and operable in the field. However, it still has to provide the neces
sary accuracy and precision. 

The criteria mentioned above make x-ray fluorescence (XRF) the 
technique of choice for on-site screening analysis of hazardous waste 
for "Heavy Metals!' XRF has many advantages ova' other elemental 
analysis techniques such as atomic absorption (AA) and inductively 
coupled plasma (ICP) techniques, including multi-element capa
bility over wide concentration ranges, little or no sample prepara
tion, portability, nondestructive character and ability to perform 
measurements in the field. · 

XRF BASICS 
X-ray fluorescence spectrometry is a well-established, compara

tive, analytical technique which utilizes the Physical principles of 
the interaction of x-rays or gamma rays with matter. When a sample 
of material is exposed to an external beam of-low energy (I to 
approximately 100 kev) x-rays or gamma rays, the main result is 
excitation of atoms in the sample. The excited state of the atom 
is achieved when the incident quantum of radiation from the 
external source has a high enough energy to remove an electron 
from the inner energy shell of the atom. The vacancy created is 
filled almost instantly by an electron from a higher energy shell. 
the excess energy being released in the form of an x-ray photon. 
The energy of this photon is unique for any given dement and there
fore can be used to identify the presence of that element in the sam
ple. The number of photons of a given energy is-in tum
representative of the number of atoms of that element in the sam
ple, or-in "macroworld" terminology-the element concentration 
of the sample. 

The apparently simple process described above is in reality more 
compleJt due to interferences inherent in the technique. These must 
be addressed for accurate analysis to be feasible, and much litera
ture eJtists on the topicl.J. 

PORTABLE X-RAY ANALYZER FOR 
ANALYSIS OF HAZARDOUS WASTE 

Practical XRF analyzers fall into two main categories depending 
o~ whether they employ wavelength dispersive (WDXRF) or energy 
dtsperstve (EDXRF) spectrometry to sort the characteristics x-rays 
from the sample. While WDXRF spectrometers have the advan
t~ge of high spectral resolution, they are usually bulky and eJtpen
stve. Also they are less efficient in their usage of x.-rays than their 
EDXRF counterparts and thus require high power x-ray tube 



sources. EDXRF spectrometers, being more efficient, can operate 
with small radioactive sources instead of x-ray tubes and thus can 
more readily be made into portable, field operated instruments. 

A portable x-ray analyzer configured for hazardous waste analysis 
consists of a probe and electronic unit. The probe contains an x
ray source, a detector to measure x-ray intensity and resolve the 
x-ray spectrum. and a sample chamber which can accommodate 
samples in a reproducible manner. The electronic unit accepts the 
signal from the probe, performs all the necessary data processing 
and displays the result. It also contains power supplies and inter
faces for communication with the operator and peripheral devices. 

·The preferred source for portable instruments is a sealed radio
isotope capsule that emits x-rays or low energy gamma rays. Such 
sources are rugged, compact, lightweight and free from drift 
·problems. Since their output is about six orders of magnitude less 
than that of an x-ray tube, the characteristic x-rays from the sample 
must be resolved and measured with high geometrical efficiency. 

Three types of detector that can do this are employed: scintilla
tion counters, proportional counters and solid state (silicon) 
detectors. The scintillation counter has the poorest x-ray resolu
tion and requires balanced filters to help discriminate the charac
teristic x-rays. 1\vo filters are needed per element, with a minimum 
of n + I filters for n neighboring elements. This creates consider
able mechanical complexity in an automatic filter changer for 
approximately 10 elements. Also, since the fl.lters have to be changed 
to go from one element to the next, multi-element measurements 
are sequential which considerably adds to the analysis time. 
However, a successful portable analyzer employing this principle 
is in use4 • 

The solidstate detector can completely resolve K x-rays from 
neighboring elements but requires cryogenic cooling while in oper
ation. This is bulky and expensive whether liquid nitrogen or a 
thermoelectric method is employed for cooling. Completely port
able analyzers have not yet been developed, but transportable units 
with hand held probes are in useS. 

Proportional counters have a resolution intermediate between 
scintillation counters and silicon detectors. Cryogenic cooling is not 
required. Until recently, the resolution of proportional counters was 
not good enough to avoid the need for balanced filters. However, 
new developments in proportional counter technology have yielded 
detectors with significantly improved resolution (10-120'Jo for the 
FeK line)6. This detector, coupled with a microprocessor for spec
tral processing, has resulted in the availability of a hand-portable 
x-ray fluorescence analyzer. capable of simultaneous multi-element 
analysis that does not require either balanced filters or cryogenic 
cooling7• 

CALIDRATION OF XRF ANALYZERS 
As mentioned earlier, x-ray fluorescence spectrometry is a com

parative analytical technique and as such requires a number of well
characterized samples for calibration. The number of calibration 
samples is determined by the number of_elements to be measured, 
the variability (range) of each analyte and the overall complexity 
of the sample matrix. Therefore, the number of samples required 
for calibration mag vary from gust a few to approximately 30 or 
more. 

Matrix effects due to chemical composition 
It is obvious that any sample contains more than just the element 

of immediate interest to the analyst. The other elements present 
in a sample can significantly affect the results of analysis. 

Suppose the concentration of iron in sand (i.e., silica) is to be 
measured. The x-ray intensity of iron will be reduced by that amount 
absorbed in the sand matrix and also in the iron bearing compo
nent. If the sand contains some calcium carbonate, the iron x-rays 
likely will be absorbed even more because calcium absorbs x-rays 
more than the silica it replaced. This is called the matrix absorp
tion effect, and calcium plays the role of absorber in relation to 
the iron analyte. However, sh:)uid copper be substituted for calcium. 

I .. 

then the measured intensity of iron x-rays could be increased since I 
the characteristic K x-rays of copper can excite additional atoms 
of iron. This effect is called matrix enhancement, and copper isl 
an enhancer for the iron analyte. 

In both cases, the measured intensity of the analyte alone would 
provide a false representation of its concentration in the sample. 
To prevent this, mathematical corrections can be applied to the i;J 
tensity of the analyte before it is converted to percent concentratio 

There are several well established theoretical models for mathe 
matical corrections of matrix effects2.l, each with its advantages 

·· and disadvantages. All models,· however, are based .-.either directll 
or indirectly-on the assumption that the degree of interference o 
the matrix element with the analyte intensity is, at least to a firs 
order approximation, proportional to the concentration of inter
fering element in the sample. This procedure allows the correctiol 
model to be a relatively simple set of calibration equations wit 
constant coefficients. 

The coefficients can be calculated by applying a multivariable, 
linear least squares algorithm to the intensity data obtained fro~ 
a properly chosen set of calibration samples. Corrections of th" 
type can be easily performed by the software package supplied wit 
the XMET portable analyzer. 

Matrix effects due to particle size I 
Another source of error in XRF analysis of particulate sample 

is the variability of particle size of the sample materiaL 
Samples of soil are naturally heterogeneous in many ways. Not 

only can particulates of soil vary over a wide range of sizes an
shapes, but the analyte itself can be distributed in the sample i 
a very nonuniform fashion. Quite often the effect of Particle siz 
is greater than that of chemical composition although both are 
different manifestations of the basic phenomenon of absorptiol 
of x-rays in the sample medium. An excellent discussion of th" 
subject is presented by Berry, et. al. 1• 

Particle size effects are totally removed only by reducing the grain 
size of the sample to zero. This condition can be achieved by fu
sion or dissolution of the sample, but only in the laboratory, ani 
then all the benefits of on-the-spot XRF analysis are forfeited. 

Corrections for particle size effects also can be made by using 
theoretical models. However, an empirical approach in which both 
the unknown and the calibration samples are prepared in the saml 
way is much more effective. This assures that any interferences du 
to particle size are the same for measured and calibration samples. 

Criteria for calibration samples • 
The facts discussed so far allow a listing of essential features. 

an ideal set of calibration samples as foUows: 

• The chemical composition of the sample matrix should be I 
close as possible to the composition of that of the unknow 

• Calibration samples must contain all elements of interest at co 
centrations matching the expected concentration ranges in the 
unknowns. 

• The number of calibration samples must be sufficient to allol 
for reliable correction of matrix effects. For example, approx 
mately 20 samples are needed to calibrate the analyzer for 
measurement of four different elements. 

• The physical characteristics of calibration samples (particle sizl 
moisture content, etc.) should resemble those of the unknown 

• It must be possible to prepare calibration samples in quantity 
and inexpensively. 

Unfortunately, suitable materials have not been hitherto availl 
ble for calibration of x-ray analyzers for hazardous waste analysi • 
Finely powdered geochemical and mineral reference materials, such 
as those provided in limited quantities by NBS or CAN MET, hal 
been considered. However, these standards do not meet any oft 
requirements listed above, and therefore cannot be used for routi ,. 
calibration of portable x-ray equipment. 

To circumvent the problem, it is possible to either calibrate tl 
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instrument with real samples analyzed by a referee method or to 
develop synthetic reference samples. While the first alternative is 
theoretically preferable, it is very expensive, is time-consuming and 
carries the errors of the referee analysis. Also: 'it often would be 
impossible to provide adequate concentration coverage without 
performing referee analysis on a large number of samples typical 
of the site to be mapped. This procedure, of course, defeats the 
objectives of rapid field screening. • 

It is clear that the successful development of a suitable calibra
tion technique for hazardous waste screening with portable x-ray 
analyzers would benefit all interested parties. Such an effort, based 
on preparation of synthetic reference materials. is reported in this 
paper. 

PREPARATION OF SYNTHETIC CALIDRATION SAMPLES 

Although to the authors' knowledge there is no officially recom
mended procedure for sampling and analysis of contaminated soil, 
the generally accepted practice one should use at this time is as 
follows: 

• Collect a sample of 100 to 200 g. of soil (alternatively 100 to 
200 mi. of soil) 

• Dry the sample at 105 ° C. 
• Remove foreign objects such as twigs, feathers, grass, bugs and 

pebbles 
• Break up agglomerates and lumps (but do not grind) 
• Sieve the material through a 10 mesh sieve (2mm opening size) 

and collect the undersize fraction 

At this point, an aliquot usually would be withdrawn for analy
sis by AA or ICp. However, if an x-ray analysis is planned, the last 
step would be preceded by grinding the sample to 200 mesh and 
then an aliquot would be submitted for analysis on the x-ray 
spectrometer. 

The first four steps have to be followed regardless of the analyti-

cal method used. Therefore, the authors decided to develop calibra
tion standards which would not require the user to grind his assay 
sample to 200 mesh, thus avoiding a very time-consuming step in 
the procedure. 
Preparation of Calibration Samples 

In order to obtain material for making calibration samples 
approximately 8 kg. of soil were collected from an area known to 
be ..free of pollutants. After receiving the sample in the laboratory, 
the soil was oven-dried at 105 ° C to constant weight and then 
allowed to equilibrate to ambient humidity and temperature. The 
initial moisture content of the soil ll.50J'o. ·Subsequent uptake of 
moisture at room temperature was 2.0%. 

The soil was then run through an 8 mesh sieve to yield about 
S kg. of material finer than 2.4 mm in diameter. An aliquot of this 
material was analyzed on a high resolution x-ray spectrometer. As 
expected, the soil contained the elements typical of the earth's crust. 
viz, AI, Si. K, Ca, Fe and minor amounts of Sr, Rb, Zr and Y. lraces 
of Cu and Zn also were noticed. The soil appeared to be of a sandy 
nature. 

Sixteen 100g. aliquot of this soil were weighed into clean con
tainers. Each aliquot was then spiked with appropriate amounts 
of potentially hazardous elements. 

Four elements were selected for the spiking experiment; zinc, 
copper, arsenic and lead. These four elements are good examples 
of toxic soil contaminants and also represent the main types of 
x-ray interferences. The Cu/Zn and Pb/As pairs exhibit spectral 
overlap, whereas Cu and Zn absorb pb and As x-rays which in turn 
enhance Cu and Zn x-rags. 

Sixteen mixtures containing these elements in non-correlated con
centrations were prepared gravimetrically from analytical grade 
components and subsequently were used to spike each lOOg. sample 
of soil. Final values of concentrations of spiking elements in each 
sample are listed in Table 1. The absolute error of each element 
concentration in the samples is estimated at ±2 mg/kg. After 

Table 1 
Concentrations of Spiking Elements in Calibration Samples 

CALIBRATION 
mg/kg OF ELEMENT ADDED TO EACH SAMPLE 

SAMPLE 

NUMBER COPPER ZINC ARSENIC LEAD 

1 B 4790 4790 6790 980 

28 0 0 11340 0 

3 B 
J: 

0 0 0 4980 

48 9530 9S 9330 9S 

SB 8160 240 7740 240 

68 6300 482 SS90 484 

7 B 3810 1900 11070 4760 

8 8 2950 983 4530 1414 

9 B 982 2970 3390 1990 
10 8 1960 3910 2250 2930 
11 B 490 6360 1140 2440 
12 8 243 8270 565 340S 
13 8 96 9701 224 4126 
14 B 4950 0 0 0 
IS 8 0 4950 0 0 
16 8 0 0 0 0 
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Table 1 
I 

Results Obtained with Set or Calibration Samples 

I 
SAMPLE 

mg/kg COPPER mg/kg ZINC mg/kg ARSENIC mglkg LEAD 

NUMBER 
GIVEN MEASURED GIVEN MEASURED GIVEN MEASURED GIVEN MEASURED I 

1 8 4790 4854 4790 4784 6790 6815 980 946 

28 0 31 0 0 11340 10870 0 227 
3 8 0 207 0 187 0 145 4980 5267 I 
48 9530 9895 95 7 9330 9372 95 153 
S 8 8160 7757 240 416 7740 7792 240 192 
68 6300 6112 482 495 5590 5324 484 611 

78 3810 3848 1900 1806 11070 10620 4760 4927 I 
88 2950 3161 983 1044 4530 4684 1474 1790 
98 982 1097 2970 2938 3390 3496 1990 1999 

10 8 1960 2034 3910 3712 2250 2142 2930 2939 I 
II 8 490 638 6360 6261 1140 1057 2440 2379 
12 8 243 635 8270 8354 S6S 367 3405 3594 
138 96 392 9701 9571 224 52 4126 4163 
14 B 4950 4940 0 141 0 0 0 68 I 
IS B 0 128 4950 4928 0 0 0 130 
16 8 0 67 0 31 0 0 0 31 I 

RMS ERROR 
AROUND CALIB. ± 130 ± 130 ±200 ±130 

CURVE I 
COUt-n"ING STA· ±20 to ±30 ±IS to ±20 ±20 to ±40 ±30 to ±SO 
TISTICS ERROR 

REPEATABILITY ±40 ±25 !PRECISION) 

ERROR DUE TO 
HETEROGENSITY 

±75 ±70 OF SAMPLE 

(ON SAMPLE 10 B) 

NOTES-All VALUES IN [mg/kg(. 
-All MEASUREMENT TAKEN FOR 200 SEC. EACH. 

spiking, each IOOg. sample was homogenized by tumbling in its con
tainer for 2 hrs. 

Characterization of samples 
The quality of the synthetic calibration samples was tested on 

a high resolution laboratory x-ray spectrometer equipped with a 
Si/Li detector and Cd-109 radioactive source. A suite of ten 7g. 
aliquot was prepared from each JOOg.sample. The aliquot were run 
on the spectrometer for 200 sec. each, and the x-ray intensities of 
the analytes Cu. Zn, As and Pb were measured. 

In order to assess the intrinsic heterogeneity of the soil matrix, 
the x-ray intensity of iron was measured for each aliquot. Iron was 
selected: (I) for its relatively high concentration in the soil matrix 
(estimated at 1.5 ± .20Jo) and (2) because it is not one of the spiking 
elements, its concentration would remain undisturbed. Moreover, 
no significant spectral or matrix interferences on the iron x-ray 
intensity are expected. The ratio of the standard deviation of a series 
of-all iron intensities measured to the overall mean iron intensity 
was used as a criterion of intrinsic heterogeneity of the soil matrix. 
This value, after being corrected for counting statistics error was 
found to be 2.3 OJo relative. 

In a similar manner, the dispersion of the spiking elements within 

±60 ±55 I 
±SO ±70 I 

I 
each IOOg.sample was estimated by taking for each analyte the ratio I 
of the standard deviation obtained on a series of 10 aliquot to the 
mean intensity for the set. This ratio varied between the spiking 
elements from 5.3 to 6.50Jo relative for aU except one sample (98). 

This degree of homogeneity is considered to be entirely satis-~ 
factory for calibration of a rapid screenin& method. especiaUy in 
view of the variability to be expected in the unprocessed soil that 
is being tested, where short range concentration variations as high 
as 2000Jo are not uncommon. 

RESULTS I 
Analysis of Errors 

The applicability of symhetic samples described was evaluated I 
by using them for calibration of a commercially available portable 
x-ray analyzer and subsequent analysis of unknown samples, also 
analyzed by an independent method. 

The analyzer used was a standard X-MET 840 portable X-rayl 
Analyzer equipped with a lOOmCi curium 244 radioactive source 
in a rugged laboratory probe. The probe was fitted with a high reso
lution Xe/C02 gas filled proportional detector which is standard 
for this probe. A detailed description of the system can be foundl 
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Table 3 
Results Obtained wilh Unknown Samples, 

Analyzed by Referee Method 

SAMPLE 
m&lka COPPER m&lk& ZINC m&Jk& ARSENIC m&lka LEAD 

NUMBER 
GIVEN MEASURED GIVEN MEASURED GIVEN MEASURED GIVEN MEASURED 

2S D 6730 5701 6150 

27 D 9580 8108 7880 

28 D 9970 8049 8180 

31 D 5240 4302 S600 

33 D 12800 10630 11800 

39 D 6480 5723 7630 

43 D 7600 6387 5850 

NOTE: ERRORS SEE TABLE l. 

elsewhere9• 

The system was set up to record the x-ray intensities of Cu, Zn, 
As. Pb and also Fe, Rb and backscattered radiation. Each synthetic 
calibration sample was measured for 200 sec, and the net x-ray 
intensities of these elements were stored in the analyzer memory. 
For measurement, each sample was placed in a cup with a 6.2 p.
thick polypropylene film bottom (the x-ray exit and entrance 
window). The concentrations of spiking elements were entered into 
the instrument's memory and optimum calibration equations for 
each analyte were derived using the resident software. All calibra
tion samples were then remeasured as unknowns and these results 
are listed in Table 2 along with other details of calibration. 
· The main sources of error listed in the Table are defined as 
follows: 

• Counting statistics error, associated with any single measurement, 
represents the fluctuations due to the random nature of radia
tion and its interaction with matter. 

• Repeatability, or precision, is expressed as one standard devia
tion of a series of at least ten consecutive measurements taken 
on the same. undisturbed sample. This value of standard devia
tion is usually greater than the counting statistics error. since it 
includes any short-term electronic fluctuations in the instrument. 

• Error due lO sample heterogeneity is obtained as one standard 
deviation of a series of at least 10 measurements taken on various 
aliquot of the same sample. corrected for repeatability error. 

• The root-mean-square error (RMS) given in the table represents 
a spread of the experimental data around the calibration curve 
obtained by using the mullivariable, linear least squares regres
sion algorithm. The RMS error encompasses all the errors listed 
above plus those carried by the referee analysis. Therefore, to 
some degree, it may be regarded as a measure of the overall 
accuracy of the method. 

The data in Table 2 allow one to determine the detection limit 
for each analyte defined here as three standard deviations of 
counting statistics obtained on a blank sample. The appropriate 
values for detection limit are ±90 mglkg Cu, ±60 mg/kg Zn, ±120 
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4750 2640 2592 1600 1824 

6067 2460 2240 1610 1580 

6183 2820 2418 2090 1962 

4123 294o 3018 1970 2513 

9023 4080 2463 2910 ISS I 

6350 2170 2556 1630 2423 

4466 3240 2432 1930 1389 

mg/kg As and ±ISO mg/kg Pb. Therefore, some values reported 
in Table 2 should be listed as below detection limit. They are 
reported here for the sake of completeness. 

Unknown samples 
Table 3 lists the results of measurements obtained on unknown 

samples of contaminated soil with the X-MET 840 calibrated with 
the suite of synthetic samples. These samples were analyzed as 
received. That is, all sampling, preparation, processing (grinding) 
and referee analyses were performed by an independent party. It 
is seen that the XRF results for Cu, Zn and As are systematically 
lower than those by the referee analysis, whereas the lead results 
do not show such a tendency. Ratios of measured to expected 
(referee) concentration values seem to vary around 0.8 for Cu and 
Zn, and about 0.9 for As. However, the results can still be quali
fied as satisfactory in terms of screening analysis which allows for 
an overall accuracy of ± 5007o relative1o.u. 

Closer examination of the unknown samples pointed to particle 
size as the most likely cause of the difference. Indeed, the soil in 
the unknown samples appeared finer than the soil in the calibra
tion samples. 

To verify this possibility, approximately O.S kg. of previously pre
pared soil finer than 8 mesh was passed through a 100 mesh sieve. 
The fraction finer than 100 mesh was used lo prepare an additional 
set of three IOOg,samples, each spiked three different concentra
tions of copper and zinc in the range 0 to 5000 mg/kg. These 
samples were prepared and homogenized in precisely the same way 
as the original set of calibration samples. 

These samples then were analyzed using the calibration developed 
with the original synthetic calibration samples. The concentrations 
of copper and zinc in all three samples were equal to 0.9 of the 
expected values, thus confirming the initial hypothesis. 

CONCLUSIONS 

It has been shown that spiked samples oC natural soil are suita
ble for calibration of portable x-ray analyzen for screening analysis 
of hazardous waste. The calibration samples are prepared in a way 



that assures their chemical and physical compatibility with the real 
samples of hazardous waste contaminated soil. The proposed 
method for analysis of hazardous waste samples with portable 
x-ray analyzers does not in any way upset the already accepted 
protocols for sampling and analysis. On the contrary, it comple
ments them. The feasibility of calibration of ponable x-ray analyzers 
with synthetic soil samples makes the on-site screening of hazardous 
waste a viable and realistic alternative to the prospect of risky selec
tive sampling, costly laboratory analysis and delays. 

With the option of a properly calibrated x-ray analyzer, the 
analyst can afford to do many more screening analyses on-site and 
define the hot zones more accurately. selecting for confirming 
analysis only the minimum necessary number of samples. 

With the new calibration samples. grinding of soil samples is 
neither recommended nor necessary as coarse (below 8 mesh) 
material already provides results of sufficient accuracy. 

While we feel that the results presented here are very encouraging 
and represent a breakthrough, there is room for further work. An 
interlaboratory comparison of the synthetic calibration samples is 
recommended. Furthermore, preparation of samples with elements 
other than Cu, Zn, As and Pb should be done forthwith. 
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ABSTRACT 

X-ray fluorescence (XRF) has several advantages over atomic 
absorption and inductively coupled plasma techniques that make 
it useful for the screening analyses of environmental samples. 
These advantages are: rapid turnaround time, multi-element 
analytical capacity, nondestructive analyses, minimal quantity of 
sample required and cost-effectiveness. Further, a portable XRF 
instrument has the capability of providing on-site analyses that 
can be incorporated immediately into the field investigation pro
gram. The realization of the potential of a portable XRF device 
has led to an increase in its use in remedial investigations at hazar
dous waste sites. In most cases, however, the accuracy and preci
sion of the analyses, along with the method detection limits, have 
not been well characterized. In this paper, these parameters are 
established for a variety of soil/tailings matrices, calibration tech
niques and field situations. 

The authors have used a portable XRF analyzer to determine 
heavy metals concentrations in soils, sediments and mining wastes 
at three hazardous waste sites in Colorado and Montana. The 
clements determined using a Columbia Scientific portable XRF 
analyzer were lead, arsenic, copper, zinc and iron. These three 
sites represent several potential applications of XRF analyses, in
cluding: (I) on-site selection of sample locations necessary for 
definition of contaminant boundaries, (2) screening of samples 
for further analyses through the Contract Laboratory Program 
(CLP) and (3) statistical and geochemical evaluation of the spatial 
variation of metals concentrations. The requirements and limita
tions of XRF analyses for each application are evaluated. 

The results obtained substantiate the dependence of method 
detection limits on sample matrix variability and analyte concen
tration ranges. The accuracy and precision of the analytical tech
nique also depend on the number and type of calibration stan
dards used. These conclusions ·are demonstrated by statistical 
evaluation of the results of the calibration for combinations of S, 
10, IS and 20 standards. The results of both replicate analyses and 
XRF versus CLP comparisons arc presented and are used to 
determine potential sources of error and their relative magnitudes 
for the entire procedure. This knowledge can be directly applied 
to the design of field programs that more effectively meet the ac
curacy, precision and detection limit requirements of XRF 
analyses for remedial investigations at hazardous waste sites. 

INTRODUCTION 
As part of the remedial investigations at three hazardous waste 

mining sites, screening for heavy metals contamination was per
formed with the aid of a portable energy dispersive X-ray fluor
escence (XRF) analyzer. At Site A in Colorado, definition of a 
1,000 mg/kg Pb isopleth using on-site XRF in conjunction with 

geostatistics was accomplished.' In the identification of hotspots 
and areas requiring further investigation at Site B in Montana. 
XRF provided a useful and cost-effective method for screening 
for As, Pb, Cu and Zn. XRF screening also was utilized to select 
samples for further analysis through the Contract Laboratory 
Program (CLP). At Site C in Colorado, analyses for Pb, As, Cu. 
Zn and Fe in split spoon tailings samples provided additional in
formation on the relationships between degree and depth of con
tamination. In this way, zones of metal accumulation and leached 
zones of metal depletion could be identified. 

The potential use of XRF spectrometry as a screening technique 
for trace constituents at hazardous waste sites has been 
demonstrated by several studies.l.J In these cases, .however, 
analyses were performed by dedicated laboratory instrument~ 
employing sophisticated computer software. The additional ad
vantage of immediate results has led to an increased interest in 
portable XRF systems, which necessarily are less sophisticated. 
The purpose of this study was to outline the techniques essential 
to the proper use of portable XRF instruments and to evaluate the 
results obtained in relation to the designed screening use of the 
method. 

XRFTHEORY 

The fundamental principle of X-ray fluorescence (XRF) or 
emission spectrometry is the detection and measurement of the 
X-rays emitted from excited atoms in a sample. The excited state 
is achieved when the critical binding energy of an electron in a 
particular shell is exceeded by the energy of the incoming source 
particle. When this happens, an orbital electron is removed from 
the shell (the atom is ionized) and another electron from a higher 
energy shell takes its place. The excess energy released as an X-ray 
photon during this process is characteristic of the atom from 

·which it was produced. There are, of course, many complications 
to·this simplified discussion of XRF theory, and a vast amount of 
literature addresses them in detail.4-7 

Two general types of emission spectrometers can be used: 
wavelength dispersive (WD) and energy dispersive (ED). Wave
length dispersive systems normally provide very high resolution 
(sharp narrow peaks) but, because of the additional diffraction 
step, they suffer from low efficiency (the energies of the charac
teristic X-rays are attenuated by the diffraction process). Energy 
dispersive systems, on the other hand, are highly efficient but 
have less resolving power. Because ED spectrometers do not re
quire high source energies for excitation (i.e., they are more ef
ficient) and elaborate mechanisms for geometric positioning of 
the detector, they are more adaptable for use in the field. Several 
compact ED systems are now available, some with sophisticated 
software capabilities. 
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The energy dispersive XRF system used in this study was a Col· 
umbia Scientific X-MET 840 portable analyzer. The X-MET 840 
employs a radioisotope source for sample excitation and a high 
resolution proportional counter for X-ray detection. For the 
elements analyzed for in this study (Pb, As, Cu, Zn and Fe), a 100 
millicurie source. composed of Cm 244 which emits Pu L X-rays 
with energy ranging from 12 to 20 KcV, was used. The resolution 
of the spectrometer. as defined by the full width at half the max
imum (fwhm) height of the Mn K alpha peak at 5.9 KeV, is about 
0.83 KeV or 140Jo. Typical .laboratory ED instruments are now 
capable of resolutions of less than 0.15 KcV or 2.50Jo. 

SAMPLE MATRIX EFFECTS 

The most important consideration in the measurement of X-ray 
energy is rhe innuence of sample matrix effects. Matrix effects 
can either increase or decrease characteristic X-ray intensities and, 
if not corrected for, can lead to significant accuracy problems. In 
general, these effects can be divided into either physical or 
chemical matrix effects. 

Physical matrix effects are the result of variations in the 
physical character of a sample. They may include such parameters 
as particle size, uniformity, homogeneity and surface condition. 
For example, consider a sample in which the analyte exists as very 
fine particles within a matrix composed of much coarser material. 
If two separate specimens (aliquots) of the sample are ground in 
such a way that the matrix particles in one are much larger than in 
the ocher, then the relative volumes occupied by the analyte
containing particles will be different in each. When measured, a 
larger ~mount of the analyte will be exposed to the source X-rays 
in the specimen containing larger matrix particles, resulting in a 
higher intensity reading for that specimen. 

Chemical matrix effects result from differences in concentra
tions of interfering elements. These effects appear as either spec
tral interferences (peak overlaps) or as absorption/enhancement 
phenomena. Both effects are common in soils contaminated with 
heavy metals. For example, Fe tends to absorb Cu K X-rays, 
reducing the intensity measured by the detector. This effect can be 
corrected if the relationship between Fe absorption and X-ray in
tensity can be modeled mathematically. Obviously, establishment 
of all matrix relationships during the time of instrument calibra
tion is critical. 

Sample matrix effects can never be fully eliminated. They can 
become relatively insignificant, however, through proper sample 
preparation and calibration techniques. The techniques used in 
this study are addressed more fully in the following section. 

METHODOLOGY. 

Sample Preparation 
Samples to be analyzed by XRF (including calibration samples) 

were placed in aluminum pans, air-dried and mixed as well as 
possible. A representative portion of each sample (40-100 g) was 
ground to less than 100 mesh. and a 5-10 g aliquot of the resulting 
powder was then analyzed with the spectrometer. Sample 
preparation time averaged between 10 and 15 min/sample. Actual 
analysis time was 4 min/sample. 

By saturating the sample preparation step, analytical variations 
due to physical matrix effects were minimized. In other words, 
although the physical characteristics of the samples may have 
been affecting the intensities of X-rays, correction for these ef
fects was not necessary because they were the same for all 
samples. Of course this assumption was valid only for samples 
with identical or at least very similar matrices (e.g., for samples 
collected from the same site). Although the assumption was 
reasonable from a theoretical standpoint, in practice it was dif
ficult to test. However, one important aspect, homogeneity of the 
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ground powder, was tested. The results of this determination are 
evaluated later in this paper. 

Calibration 
The calibration of the XRF spectrometer was based on 

previously coUected and analyzed samples from each site. These 
samples were handled with the same procedures outlined above in 
"Sample Preparation." After digestion with HN03/H10 2 ac· 
cording to the procedures specified by the CLP, samples were 
-analyzed by either inductively coupled plasma (ICP) or atomic 
absorption (AA) techniques by different laboratories with ClP 
procedures. The samples do not represent "true" calibration 
standards in the sense that the accuracy of the different ClP 
laboratories was not beyond repute. Nevertheless, the potential 
calibration error due to the inaccurately known concentrations in 
the samples was probably much less than the potential matrix ef· 
feet errors that would result using "true" standards with 
unknown matrices. 

Calibration was accomplished by first measuring the intensities 
of the characteristic analyte X-rays, then developing a concentra· 
lion versus net intensity regression curve. The calibrations 
employed for each element and for each site were essentially 
mathematical models designed to compensate for sample matrix 
effects specific to the site. The goal was to optimize the calibra
tion for each analyte by correcting for both spectral overlap 
and/or element interference, if necessary. Spectral overlap, which 
occurs when two peaks are not completely resolved, was removed 
by deconvolution (subtraction of one peak intensity from that of 
another). Absorption or enhancement of characteristic X-rays 
due to the presence of interfering elements was handled by multi
ple linear regression analysis. All of the software necessary for 
calibration is contained within the instrument. 

Table I summarizes the results of the calibration obtained for 
each element at each site. The table provides the number of 
calibration standards (n), the range of concentrations in the stan
dards, the instrument detection limit (discussed in next section) 
and the resulting correlation coefficient. In all cases, the calibra
tion was excellent with correlation coefficients typically greater 
than 0.95. 

Table I 
XRF Calibration Parameters 

Analytical 
so1 

Correia I I on 
hnr• Coefllclenc 

Slle u .. onl n <•rill&) <•rill&) (I) 

Slle A Pb 3 0-1,000 31 o.ttt 

Silo I Pb 20 0-1,200 97 0.949 
A• 16 0-1,700 91 o.tu 
Cu II 0-2,200 190 o.tu 
%n 20 0-2.~00 267 0.943 

Slce c 2 
Pb 20 0-4,100 U5 0.,, 
.b 20 0-HO 20 o.tn 
Cu 20 0-3,900 137 O.t91 
%n 20 0-~.400 97 o.tt7 ,. 20 0-180,000 11,200 0.9)1 

I Ovnan standard de-viation trool mn.n s.quan of the rnHSu•''' for tt\t natcu,on 
2 Model " (20 calibro1ion oamplnl 
) lnurument dctectinn limit 

ANALYTICAL PRECISION 

IDLl 
<•rl"-1) 

120 

7S 
to 
60 
30 

4~ 
1.5 
90 
60 

140 

Replicate analyses were performed to determine the analytical 
precision of the X-MET 840. For each site, a check sample was 
analyzed at regular intervals throughout the analytical run. The 
results, shown in Table 2, include both instrumental error and er
ror due to spet:trometer drift. The data indicate that replicate 
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precision (as indicated by CV, coefficient of variance or standard 
deviation divided by the mean) is generally less than ± 200Jo for 
concentrations approaching the method detection limit. At higher 
concentrations, however, precision is generally less than ± SOJo. 

Table 2 ,.,. 

XR •• Replicate Precision 

Me•n so "DL l 
SilO !l•••nt n (•llkl) <•llk.c) cv (%) <•llk.c) 

Slu A Pb 93 409 52 12.7 156 

SilO I Pb 16 143 32 22.4 96 
Ao 16 215 33 15.3 99 
Cu 16 846 21 2.5 6) 
:tn 16 550 17 ).1 51 

Sl•• c 2 Pb 35 71) 14 2.8 42 
Ao 15 5I 7 12.9 '21 
Cu 15 597 27 4.5 81 
Zn 15 728 20 2.8 60 ,. 35 13,800 870 6.) 2,610 

I Meth\ld dclf\:llun limi1 

2 Model IS (~0 nhbn.tu.m samrl~) 

XRF DETECTION LIMITS 

The limiting factor for XRF precision is the error associated 
with the X·ray counting process. This error results from the ran
dom nature in which X·rays arc emitted from the radioisotope 
source, excited in the sample and counted by the detector. Thus, 
the lower limit of detection can be estimated from the standard 
deviation of the counting statistic. For this study, the instrument 
detection limit (IDL) of the spectrometer was calculated as three 
times the standard deviation of the counting statistic. It is impor
tant to note that the magnitude of the counting error, and thus 
the lower limit of detection, is directly related to both the total 
number of X-rays counted and the number of X-rays due to in
terference and background. Thus, the IDL varies as a function of 
both measurement time and sample matrix. For example, as 
shown in Table I, the IDL for Pb at each site is 120 mg/kg (Site 
A), 75 mg/kg (Site B) and 45 mg/kg (Site C)._ 

In a similar manner, the method detection limit (MDL) can be 
estimated from the replicate precision data (Table 2). As noted 
above, replicate measurements also include the error due to in
strumental drift. A comparison of Table 2 with Table I indicates 
that, in general, MDLs are only slightly higher than IDLs, sug
gesting that instrumental drift was not a significant source of er
ror for the XRF analyses. 
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XRF vs. CLP for Pb in Sile n Soil SampleJ 
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XRF VERSUS TRADITIONAL METHODS: 
STATISTICAL TESTS ON PAIRED DATA 

Following XRF analyses at each site, a selected number of 
ground:specimens were sent to the U.S. EPA's CLP for confir
matory an~lyses. These samples were analyzed by either ICP or 
AA methods. The results obtained were then compared to the 
XRF results in order to evaluate the adequacy of the XRF 
method. 

Figs. I through S are examples of the scalier diagrams obtained 
for XRF versus CLP analyses. To better evaluate the degree of fit 
of the data, statistical parameters were calculated. The results of 
these analyses are given in Table 3 and include the average relative 
deviation (d), relative standard deviation (Sd), t and Wilcoxon 
test statistic and the corresponding two-tailed l-lest and Wilcoxon 
test critical values at the 950Jo confidence level. Readings below 
the MDL and significant outliers were not included in the 
statistical analysis. 
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XRF vs. CLP for Zn in Site B Soil Samples 
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XRF vs. CLP for Cu in Site 8 Soil Samples 
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The average relative deviation (d) represents the degree of 
deviation of the data from a one-to-one correlation. For example, 
as illustrated in Fig. 2, the XRF versus CLP results show a 
positive deviation of abour 2.50/o (dashed line) from perfecr aaree-
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ment (solid diagonal line) for Zn concentrations above approx
imately 1,000 mg/kg. Such deviations are probably the result of 
uncorrected matrix effects due to an inadequate number of 
calibration samples at higher concentrations. Below 1,000 mg/kg, 
the average relative deviation is Oll!o (see Table 3 and Fig. 2). 
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Figure 4 
XRF vs. CLP for As in Site B Soil Samples 
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Figure 5 
XRF vs. CLP for Fe in Site C Tailings Samples 

The agreement between the XRF and CLP results was 
evaluated using Student's t-test and Wilcoxon's signed-rank test. 
The t-test determines whether the means of two normally 
distributed populations are the same, while the Wilcoxon test 
determines whether two populations are symmetric (same or 
similar shapes) and, if symmetric, whether they differ in location. 
Since normal distributions also are symmetric, the Wilcoxon test 
is probably the preferred test.R The Wilcoxon test typically is 
termed a non-parametric or distribution-free test while the !-test is 
appropriate only for normally distributed data. 

Through statistical analyses, it was determined that, for all 
elements. neither the CLP nor the XRF data were distributed nor
mally. Rather, the populations more closely resembled log
normal symmetric distributions. Further, most element distribu
tions were bimodal. Therefore, the t-test was applied to the log
transformed data, and the Wilcoxon test was applied to the non-

118 SCREENING TECHNIQUES & ANALYSIS 

u 

Table J 
X-MET and CLP Comparison 
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I 
transformed data. The results given in Table 3 were evaluated as 
follows: 

• Agreement between the XRF and CLP populations was indi- I 
cated for values of t between ± t.9S. Values of t outside of 
± t.95 indicated that the two population means were signifi· 
cantly different at the 9511!o confidence level. I 

• Agreement between the XRF and CLP populations was indi
cated for values of W.95 that fell outside of the critical range 
of W + and W- (or both W + and W- must be greater than 
W.95). For example, from Table 3, a value of W.95 = 171 is 
given for Site B Pb. Since this value lies outside of theW- = 
203 and W + = 358 range, the means of the two populations 
do not differ significantly at the 9511!o confidence level. 

As indicated in Table 3 by the asterisk, both statistical tests in
dicate significant differences in the two methods only for Pb at 
Site C and Cu and Zn at Site B. 

SIGNIFICANCE OF THE NUMBER 
OF CALIBRATION SAMPLES 

I 
I 
I 

To correct for absorption or enhancement interferences, an 
adequate number of calibration samples must be included in the I 
regression model. The exact requirements will depend on the 
number of potentially interfering elements, their concentration 
range(s) and the requirements of the particular investigation. The 
greater the knowledge about how a sample matrix varies at a par- I 
ticular site, the more sophisticated the calibration model can be 
and, therefore, the more accurate the results. 

To address the significance of the number of calibration 
samples, five different models were developed for Site C. Each I 
model (I through S) covered similar analytical ranges but had pro-

Tabl~ 4 
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gressively larger numbers of calibration samples. The results ob
tained for each model then were compared to the corresponding 
CLP results. As shown in Table 4, a significant improvement in 
the comparison for Zn occurred between model I (~ calibration 
samples) and model 2 ( 10 calibration samples), but the relative im
provement became decreasingly less above 10 calibration samples. 
This same trend was observed for the other Site C elemenu and 
indicated that at least 10 calibration samples were necessary to 
adequately analyze the samples (i.e., ·to correct for the variation 
in matrix element concentrations), but more than 10 probably 
were not necessary. 

ANALYSIS OF VARIANCE 

The purpose of this section is to address the various sources of 
error associated with the XRF analytical technique. The 
magnitude of these errors, as measured by their variances (52), 
then can be evaluated for the statistical significance relative to the 
overall variance of each element (contaminant) within the sample 
environment. In this way, it is possible to determine whether or 
not the XRF technique can distinguish between different concen
trations of an element within a contaminated area and, therefore, 
whether the technique is valid for screening analysis. 

For this determination, total variance was broken down into 
three components, as shown by: 

S2Tot = S~Sample + S2Calib + S2Anal (I) 

where each variance component was evaluated as follows: 

• Sample variance (S2 sample) was determined from the concen
tration distribution of the entire population. 

• Calibration variance (SZ Calib) was determined from the stan
dard deviation (SD) of the calibration curve (Table 1). This 
variance included both the error_due to uncorrected matrix ef
fects and the error due to the uncertainty in calibration sample 
concentrations. 

• Analytical variance (52 Anal) was determined from the stan
dard deviations of both replicate precision (Table 2) and sample 
preparation. This variance included instrumental (counting) 
error, drift error and error due to the nonhomogeneity of the 
ground specimen. 

Homogeneity was determined by analyzing separate aliquots of 
the ground specimen. The standard deviati()n obtained from the 
analysis was of the same order as that obtained for the replicate 
precision analyses. Therefore, the error due to powder 
nonhomogeneity was negligible for these samples. 

The percentage of the total variance of each component is 
shown in Table 5; the variance due to the samples (S2 Sample) is 
by far the primary component in all cases. Calibration variance 
($2 Calib) and analytical variance (S2.Anal),are.relatively minor. 
This result indicates that the XRF technique is adequate for 
distinguishing between different concentrations of the con
taminants at the three sites. In other words, the error due to the 
X-MET calibration and analysis is insignific'ant relative to the 
total variance of each element. 

CONCLUSIONS 

The data presented in this study indicate that the portable 
X-ray nuorescence technique is suitable for screening As, Pb, Cu, 
Zn and Fe in soils contaminated with mine wastes. The XRF ver
sus CLP comparisons show no statistically signifh.:ant differences 
between the two analytical results for these elements over most 
concentration ranges. As determined by the components of 
variance analysis, the errors resulting from the XRF method are 
minor compared to the sample variance at each of the three sites. 
This result illustrates the ability of the XRF method to 

discriminate between different contaminant levels under the 
highly variable concentration conditions likely to be encountered 
at mining waste sites. 

Sl te Eleaenl 

Site A Pb 

Slta 8 Pb 
As 
Cu 
Zn 

Sl te c1 Pb 
A a 
Cu 
Zn 
Fe 

Tablt! S 
Analysis or Varlant"e 

Percent of Total Variance 

s2 s .. ple s2 Call b. 52 

100 0 

90 9 
94 s 
9S 4 
86 14 

76 24 
64 19 
87 12 
98 2 
99 1 

I Model S (20 Calibralion Samf'l<'ll 

Anal. 

0 

1 
1 
1 
1 

0 
17 

1 
0 
0 

The results confirm the importance of obtaining an adequate 
number of calibration samples in order to model the matrix varia
tions present within the samples. For Site C, at least 10 calibration 
samples were necessary to correct for sample matrix effects. 
Although more than 10 samples did further improve the calibra
tion, the degree of improvement was not significant, especially in 
light of the intended screening use of the XRF technique. 

For the three sites discussed in this paper, a total of about 1,000 
soil/tailings samples have been analyzed with the X-MET 840 
X-ray fluorescence analyzer. These analyses have helped establish 
heavy metal relationships, including both the spatial extent and 
relative degree of contamination. The ease of sample preparation 
and analysis in the field (i.e., rapid turnaround times) has been in
valuable for on-site coordination of field sampling activities. 
Also, selection of more representative sample sets for further 
CLP ·characterization has been achieved. These advantages have 
made XRF screening for heavy metals a very cost-effective means 
of maximizing the amount of information obtained from a field 
sampling campaign. 
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As part of the data analysis the uncertainty surrounding the estimate of the mean contaminant 
concentration within the depressed area will be determined. Determining this uncertainty requires 
knowledge of the spatial variability of the data as a function of distance (see Appendix A Development 
Process manual). To model spatial variability, data separated by small and large distances are required; 
thus, the hybrid grid is ideal for determining spatial variability as a function of distance. 

5.3.5 EVALUATE SAMPLING/ANALYSIS OPTIONS: RI PHASE IC- SURFACE SOIL 
INVESTIGATIONS 

Analysis options include CLP, local laboratory, and on-site analysis. Each type of analyses has certain 
properties which are presented below. 

Analytical Method Turnaround Time Cost per Sample 

CLP/RAS 6 weeks 
a $60b 

Local Lab/SASe 2-7 days $80c 

On-Site Analysis 2-24 hours $ 8d 

a. Time includes data validation. 
b. Cost is for paperwork and shipping only. No lab cost is included. 

Relative Accuracy 
And Precision 

High 

High 

Unknown 

c. Atomic absorption, acid digestion analysis cost. Includes paperwork cost. 
d. Cost is for sample preparation and analysis labor only. 
e. Costs for SAS are similar to b above. 

Because future phases of this study depend on the results of this phase, the turnaround time of an 
analytical method is a critical issue. If the CLP is used to analyze these samples. project delays may 
be unavoidable. Both the local lab and on-site analysis provide adequate turnaround times, however, 
on-site analysis is I 0 times less expensive than the local lab. Thus, on-site analysis would allow I 0 
times more samples to be analyzed at the same cost as local lab analysis. 

Based on known site history and the conceptual model (see Section 5.3.4) a large number of samples will 
be required to characterize the extent of contamination. The only available analytical method which can 
be used to analyze a large number of samples for an acceptable cost is on-site analysis. The on-site 
analysis method of choice is X-ray fluorescence using a Columbia Scientific X-Met 840 (X-Met) or similar 
instrument. 

Ordinarily on-site (Level II) analysis would not be suitable for risk assessment uses. However. in this 
case, a rigorous field calibration procedure with off-site laboratory verification or the calibration 
standards will be used. Also. a large number of QC samples will be analyzed to estimate precision and 
accuracy. The resulting data will be statistically reviewed and. if the field data are judged 
unreliable, the soil samples will be sent to an off-site laboratory for analysis. The use of these 
procedures makes this field analysis more like a Level III analysis and. therefore. suitable for risk 
assessment uses. 

Experience with the X-Met at previous sites indicates that the detection limit of the X-fl.tet ranges from 2 
to 200 mg/kg. Based on these values the X-f..let might not prm·ide adequate detection limits: however. 
consultations with experts on the method indicate that there is high likelihood that the X-Met will 
provide detection limits less than 20 mg/kg. To allow for the possibility that the detection limits of 
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Outside the boundary of the source area, TCE was the only compound detected in appreciable 
concentrations. The presence of volatile organics in the soil gas outside the bounds of the soil 
depression may be indicative of the movement of the ground water plume in an easterly direction. 

The results of Phase I soil gas sampling indicate a need to obtain additional soil samples (at depth) in 
order to determine the extent of soil contamination. Samples of ground water encountued within the area 
delineated by the soil gas plume should also· be obtained to determine if the soil gas pit: me data can be 
correlated to the ground water contaminant levels. 

5.5.3 ANALYSIS OF RESULTS: RI PHASE IC- SURFACE SOIL SAMPLING 

5.5.3.1 Calibration of X-Met (Precision and Accuracy achieved for metals an~lysis; 

To calibrate the X-Met. four calibration samples were taken along a radial line frorr. the ccn • ..:.; of the 
depressed area. The sample locations were shown in Figure 5-4. Each of the four saPlples was split into 
seven replicate samples as shown in Figure 5-5. Four replicates from each sample or 16 samples were sent 
to a local lab with an in-place QA/QC program and were analyzed for lead, chromium, and arsenic. Only 
the results for the lead samples are discussed here since the analysis performed for the other elements 
is analogous. Table 5-7 summarizes the results for lead. 

The average of the four replicate analyses was taken as the actual value for each of the f-Jt .. ":alibration 
samples and the X-Met was calibrated using these values. During analyses of actual samples, each of the 
calibration samples were run 15 times. Based on the X-Met analyses of the replicates. ::.:!accuracy and 
precision can be expressed as a function of concentration. Accuracy will be expressed m terms of bias 
where bias is expressed as: 

Bias X- A 
A 

Where: 

X is the mean of the IS replicates, and 

A is the concentration determined from samples sent to the local lab. 

Precision will be expressed as the standard deviation of the 15 replicates. The ac::urac-v ar.~l precision 
of the X-Met are presented in Table 5-8 . 

Table 5-8 shows that the X-Met has accuracy values which are within + 10 percent ~,~:.::r :he entire range of 
concentration. This is an acceptable accuracy value and indicates that the X-Met should, on average, 
accurately reproduce the contaminant levels throughout the site . 

Given the accuracy and precision of the X- Met analyses. the detection limit for the method can be 
determined. When the X-Met results are reported. it is extremely unlikely that the reported values will 
be exactly equal to the actual value. This analytical error is expected and acceptable: however. it is 
generally not acceptable to report a positive concentration for a compound when, in fact. the compound is 
not present in the sample. The use of a detection limit lowers the risk of this occurrence to an 
acceptable level. For X-Met analyses (lead in this case). the detection limit will be set so that when a 
value is reported above the detection limit. there will be greater than a 99 percent chance that lead is 
actually present in the sample. 
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TABLE 5·7 
RES~LTS OF REPLICATE ANALYSES FOR LEAD (CALIBRATION SAMPLES) 

REPLICATE# 

SAMPLE# 1 2 3 4 MEAN S.D. 

178 171 192 ·183 181 8.8 

2 811 777 820 840 812 26.3 

3 263 287 242 277 267 19.3 

4 5 4 8 6 5.8 1.7 

ALL UNITS IN mglkg 

S.D. =STANDARD DEVIATION 

s-.n 
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CALIBRATION 
SAMPLE# 

4 

3 

2 

TABLE 5-8 
ACCURACY AND PRECISION OF THE X-MET 

{Results of Lead Analysis- mg/kg) 

PB CONCENTRATION MEAN X-MET 
(LOCAL LAB) CONCEI'ITRATICN ACCURACY PRECISION PRECISION/MEAN 

5.8 5.5 -.05 2.7 .46 

181 162 -.10 6.2 .03 

267 278 .04 7.2 .03 

812 800 -.02 14.0 .02 
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The detection limit will be based on the distribution of analytical errors. In this example, the 
distribution of analytical errors is the distribution of errors for calibration sample #4. This sample 
was chosen since it has the lowest concentration of lead and is therefore most representative of the 
performance of the X-Met at low concentrations. 

The distribution of the 15 replicates of calibration sample #4 is normal. with a mean of 5.5 mg/kg and a 
standard deviation of 2.4 mg/kg. The actual concentration of sample #4 is 5.0 mg/kg. Thus the average 
error is 0.5 mg/kg and the distribution of errors is normal, with a mean of 0.5 mg/kg and a standard. 
deviation of 2.4. 

Based on the above assumption. the detection limit can be determined as: 

Pr (Z < D) ~ 99% 

where Z is an error 
D is the detection limit 

Since the errors are normally distributed. a normal probability table can be used to determine the 
detection limit D. The standard normal variable corresponding to 99% probability is 2.33 (see Table 
S-9). The detection limit is then: 

D- m = 2.33 

I 
I 
I 
I 
I 
I 
I 
I 

s I 
where s is the standard deviation. and 

m is the average error 

D- (-.3) 

2.17 

2.33 

D 5.99 mg/kg 

6.0 mg/kg 

So. if the X-Met reports greater than 6.0 mg/kg lead there is at least a 99 percent chance that lead is 
present in the sample. If the X-Met reports less than 6 mg/kg. a value of 3 mg/kg will be used as an 
estimate of the concentration. A non-zero concentration is reported when lead is below the detection 
limit because lead is present to some degree in all surface soils. The value J mglkg is a"rihuted to 
soils with non-detectable lead concentrations hecause this value is t!10ught ·to adequately represent the 
background lead concentration in the site area. 

5.5.3.2 Geostatistical Analvsis of Surface Soil Sampling Results 

Samples were collected and analyzed at each of the t\CJ location5 on the hvhrid grid. Samples were 
analyzed for lead. arsenic. and chromium. Onlv th .. re,tllts lor lt::1d are di~cusscd here. The kad 
coucentrations found at each sample location are sh0,,n in Fisure )-4. <:,>Jllotns ot the data indic-11c th:11 
the proposed conceptual model for this site is incorrect. <.',•nt:llnin;~tion dllt:S not occur in sm;~ll i5ol:ltl·d 
pockets: rather. there are two l;~q;e cont;~mi n:~ted zones. The two cont:lmJn:lted zones are bounded hv zones 
of undetectable lead contamination. so the horizontal C.\tcnt or the contamination is known. 
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IN SITU M~ALYSIS OF WASTE WATER USING PORTABLE 

PRECONCENTRATIOH TECHNIQUES AND A PORTABLE XRF ANALYZER 

s. Piorek* and J~ R. Rhodes 
Colwabia Scien'tific Industries 
P. 0. Box 9908 
Austin, Texas 78766 

ABSTRACT 

The use of ion-exchange resin-loaded filter paper is described for collection 

and preconcentration of waste water samples in a form suitable for in-situ X-ray 

fluorescence analysis. Trace element determinations are performed using a new 

portable XRF instrument d~veloped specifically for thin specimen measurements. 

Preconcentration of 150 ml samples on SA-2 ion-exchange paper followed by 100-

second counting periods, per element, yields detection limits low enough 

for rapid, field monitoring of trace elements in waste l-later. Sample pre

paration time is less than 15 minutes. 

INTRODUCTION 

The combination of a field method for sample preconcentration with a portable 

X-ray fluorescence analyzer would make possible rapid, on-site monitoring of 

industrial waste waters for trace metals. A newly-developed Portable Elemental 

XRF Survey Meter is described elsewhere in these Proceedin~s (Rhodes, 1980). The 

purpose of the work reported here is to select and optimise a technique for pre

concentration of waste water that can be used in field conditions with the portable 

XRF analyzer. 

Many methods for preconcentration of trace elements in •raters have been investi

gated (Rhodes, 1979). They include precipitation, co-precipitation, ion-exchange, 

silylation, liquid-liquid extraction, vapor filtration, evaporation, adsorption 

and electrodeposition. All these can be used in the laboratory but very few in the 

field. After a careful review of the properties and features of each ~ethod, we 

concluded that the one most suited to adaptation for field operation is the use of 

ion-exchange resin-loaded filter paper (Spano, 1966; B~r~mann, 1967; Ca~pbell, 1966 

& 1970; and Law, 1973). 

*Permanent Address: 
Institute of Physics and Nuclear Techniques 
Al. Mickiewicza 30, 30-059 Krakow, Poland 



between flow rate, number of recirculations and sample volume. The best 

solution pH must also be found. We used the same flow rate as Campbell and 

optimised the number of recirculations, the pH and the sample volume to match 

the sensitivity of the portable analyzer and the expected trace element con

centrations in waste water (Biechler, 1965). 

An aqueous solution (at pH = 1) of the follmving 14 ions 'Jas prepared: 

C +
3 F +3 Z +3 C +Z Pb+Z C + 2 M + 2 Ni+Z Al+3 S + 2 A + 1 Cd+2 d r , e , n , o , , u , n , , , r , g , an 

Hg+
2

, each at a concentration of 1 mg/1, and Ca+2 at 4 mg/1. 50 ml aliquots 

of this solution were circulated through preconditioned SA-2 filter discs an 

increasing number of times, using new solution and a ne~J filter for each re

circulation test. After air drying, the filters ~Jere Iilonitored usin~ an energy 

dispersive X-ray spectrometer equipped ~vith a Si (Li) detector and a Cd-109 

source (Rhodes, 1972). The following characteristic X-rays were measured and 

compared with X-ray filter standards (Pradzynski, 1976) to obtain the element 

weights: Cr, Mn, Fe, Co, Ni, Cu, Zn and Sr (K lines), and Pb (L line). Self 
(l (l 

absorption corrections were made where necessary. The experiment was repeated 

for pH = 2 and 3. Figure 1 shows the results for pH = 2. It is evident that 

the element recovery reaches a steady level (not always the maxiouc level) after 

6 or 7 filtrations. Figure 2 shows element recovery after 7 fi:trations as a 

function of pH. It is seen that the best results, taking all 9 monitored elements 

into accounti occur at pH = 2. 

Assuming that the portable XRF analyzer has detection limits in the range 4 to 
2 70 J.Jg per 10 em filter (Rhodes, 1980), we can see that the sample volume must be 

greater than 50 ml if 1 mg/1 element concentrations are to be measured. The 

capacity of the SA-2 filters was, therefore, tested by monitoring aliquots of 

the multielement solution having volumes up to 250 ml. Figure 3 shows the X-ray 

signals for elements Fe, Pb, Zn and Sr as functions of sample voluce for constant 

flow rate (100 ml/min.), number of recirculations (7) and pH (2). The relations 

are linear. 

Measurements with Portable X-Rav Analvzer 

The feasibility of the SA-2 based preconcentration method was tested by measur

ing an artificial water sample using the Portable Survey Heter. A water sample 

was prepared with six elements as pollutants, Ca at 65.5 mg/1, Cr at 4 mg/1, 

Mn at 4.9 mg/1, Fe at 5.0 mg/1, Cu at 3.7 mg/1 and Zn at 4.0 mg/1. 
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The instrument was calibrated for these elements (except Ca) using thin, single 

element dried solution standards (Pradzynski, 1976). The standards were mea

sured for 100 sec. l..rith a Cm-244 source. The calibration curves obtained are 

shmm in Figure 4. 

I 
I 
I 
I 

Detection licits were determined as 2 standard deviations of the background I 
measured on a blank SA-2 sample. The data are shown in Table 1 for both measure-

ment arrangements, i.e. with and without X-ray filters for energy discrimination 

(Rhodes, 1980). They are compared with ranges of threshold values for lJater 

effluents l..rhich can be expected in practice. Detection limits for uranium ,.;ere 

measured in a separate experiment using Cd-109 to excite UL X-rays. The detection 

limits were calculated assuming a sample volume of 250 ml, although the actual 

samr>le volume used was 100 ml. The sample ,.,.as circulated at pH = 2 seven times 

through the SA-2 disc. The total time of sample preparation uas 15 min. including 

sample drying. The concentrations of elements measured in the sample using the 

portable instrument are compared in Table 2 with the expected concentrations. 

DISCUSSION OF RESULTS 

I 
I 
I 
I 
I 

The results presented are preliminary. We are aware of some important factors 

which have to be investigated before the method can be applied for routine use. I 
There are still some doubts as to whether pH = 2 is an optimum value. Some elecents 

are not exchanged at this acidity, for example As and Se. Some important elements 

have not yet been tested. 

The real sample should be filtered through normal filter paper in order to 

remove any suspended solids prior to its exchange on the SA-2 disc. Possible 

fractionation of elements betueen suspension and solution should then be investi

gated. 

The effect of Ca, Mg and Ua has to be studied thoroughly. However, we have 

found that Ca contents up to 65 mg/1 have no influence on the recovery of transi

tion elements present in solution. 

Uniformity of the sample on the SA-2 paper is an important factor influencin~ 

both precision and accuracy. We feel that glass frit is not the pro?er support 

for the filters as the frit ?Orosity is not uniform. 

-7-
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TABLE 1. PRELH1INARY SENSITIVITY DATA FOR PORTABLE XRF ANALYZER 

Range of Efflue~t 
. h) 

Detection Limit; mg/1 
Limitations a 

Ion Determined m~/1 With Filters H/o Filters 

Cr+3 0.2 to 4.0 0.4 0.2 

Mn+2 
2.0 to 4.0 0.2 .. 0.1 

Fe+) 0.5 to 7.0 0.2 0.09 

Cu+2 
0.15 to 5.0 0.1 0.07 

Zn+2 
0.5 to 5.0 0.08 0.04 

uo +2 
2 2.0 to 4.0 0. 2 c) 0.05 c) 

a)Code of Fed. Reg. No. 40; parts 400 to end. 

b)Conditions of measurement; lOmCi Cm-244 source and 100 second count per element. 

c)3mC1 Cd-109 source used instead of Cm-214. 

. '. 



In spite of the preliminary nature of this work, it does demonstrate the 

feasibility of rapid field monitoring of waste waters for trace eleoents using 

a portable XRF analyzer. The portable analyzer has been developed but the 

portable preconcentration package has yet to be designed and engineered. 
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1. INTRODUCTION 

The l1odel 740 is a hand portable low-cost multielement XRF spectrometer 

suitable for rapid trace element analysis of particulates on membrane filters 

in laboratory, field or plant conditions. In particular the following deter

minations are possible by non-scientists on a routine basis: 

1} 

2} 

3} 

Analysis of ambient air particulates after sampling 

with Hi-vel, dichotomous or other collectors: 

Moni~oring of ~articulate air contaminants in work~lace 

atmosuheres after collecting with personal or other samplers: 

Trace metal analysis of industrial wastewaters after 

preconcentration on, for example, ion exchange resin-loaded 

filter paper. 

There is a rapidly increasing need to monitor air particulates and •~aste~ 

waters for specific trace elements. Many potentially toxic elements are under 

intensive study by the Environmental Protection Agency, the National Institute 

for Occupational Safety and Health and the Department of Energy. 

These elements include but are not limited to: 

Vanadium Z~c 

Chromium Arsenic 

Manganese Selenium 

Iron Molybdenum 

Cobalt Cadmium 

Nickel Lead 

Copper Uranium 

All these and more c~n be measured down to microgr~ levels by the ~odel 740 

Portable XRF Analyzer. 



I 
I 

2. AIR PARTICULATE SAMPLING I 
"Ambient" air is usually sampled by "Hi-Vel" sam~lers (see Figure 1) 

I which draw air through an 8" x 10" filter at about 50 cubic feet per minute for 

24 hours. Alternatively, dichotomous sam?lers are used to produce two air I 
particulate samples, simultaneously, one with a particle size range about .1 

to 3 ~icrons and the second with a size range about 3 to 20 microns. The I 
smaller size range is respirable (i.e., lodges in the lungs) while the larger 

size r~~ge has other possible health effects. The elemental co~position of the I 
two size ranges is usually markedly different and yields much information about 

the characteristics of an aerosol, including whether a particular component is 
I 

man-made pollution or natural dust. I 
The conventional analysis method is to extract the elements from the 

filter into water or acid solution. Het chemistry or atomic absorption is then I 
used for elemental analysis. The process is tedious, time consuming, destructive 

of the sample and "single-element-sequential" in character. It has been shown I 
that for 20-element analysis, XRF is 6 to 25 times faster than extraction followed I 

1) 
by AA. lfhen the sample is destroyed, it is no longer available for reanalysis 

in case of disputes, which are common in pollution monitoring. 

The only sample preparation needed prior to analysis with the Model 740 

is to cut a l-inch diameter disc from the particulate-loaded filter, place it 

in the 740 probe las shown in Figure 2) and press the button to start the measure-

ment. A single 4-minute data accumulation can provide concentration readout for 

up to 20 elements. 

l)Air Qualit[ Instru~entation, Vol. 2, p. 14, Ed. J. H. Scales, Instrument Soc. 
of America, 1974. 
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FIGGRE 3. PERSO~AL DUST SAMPLER 
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5. SENSITIVITY 

_ __, 
Table l lists values of interference-free detection limit for all 

elements normally determined by the Model 740 using standard excitation condi-

tions. Although they refer to air particulates on membrane filters, the values 

shown can also be used as a guide to sensitivities obtainable with other sub-

strates such as ion exchange resin-loaded filters and cellulose or quartz fiber 

air filters. 

In a single count all the elements detected by a given probe can be 

measured and L~eir concentrations read out in groups of 4 at a time. The con-

2 
centrations can be read out by the instrument in any desired units ( ~g/cm , 

3 3 . 
~g/M, mg/M , ug/1, mg/1, etc.) if so calibrated beforehand. Table 2 shows how 

the basic detection limit in ~g element ~er cm
2 

of filter can be converted to 

"practical" units by including the sampling or preconcentration information. 

Comparing Tables 1 and 2 shows that, since the basic detection limit 

2 
for most of the elements is below 0.5 ug/cm , the sensitivity of the method is 

entirely adequate for almost all industrial air contaminant and wastewater analyses 

and many ambient air particulate analyses. Table 3 lists some elements that are 

potential air contaminants in the workplace together with their Threshhold Limit 

Values and corresponding detection limits using the C.S.I. Model 740 in a 4-minute 

analysis of an 8-hour personal air filter sample. Another example is shown in 

Table 4 which lists some typical heavy metal contaminants in industrial wastewaters 

together with their maximum permissable concentrations in effluent and their 

detection limits using the Model 740. This is an impressive demonst=~tion of 

the sensitivity obtainable by this rapid, non-destructive, low-cost ~echnique. 

-9-
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TABLE 1 - CONTINUED I 
Detection Limit 

2 Ele!!lent (ug/cm ) 
1) 

Probe Source I 
Nb 0.41 Standard j 3 mCi Cd-109 

Mo 0.46 " " I Ru 4.6 Heavy Element 10 mCi Am-241 

Rh 4.0 " " 
I Pd 3.6 " " 

Ag 3.5 " " 
Cd 3.7 " " I 
In 4.4 II " 
Sn 5.4 II II I Sb 6.2 " It 

Te 7.0 It It 

I I 7.6 " It 

Cs 8.1 II n 

Ba 8.1 II " I 
Ta 0.7 Standard 3 mCi Cd-109 

w 0.6 II " I 
Hg 0.5 II n 

Pb 0.4 It " I u 0.7 " n 

I 
I 
-I 
I 
I 

1) . . f th bl k 2 st~ndard devLatLons o e an Ln one 4-minute count 

Note: Increased sensitivity c.:tn often be obtained for specific groups of ele.":lents. I 
-11- I 
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TABLE 3 

EXABPLES OF SENSITIVITY FOR SOHE ~vOR.."<PLACE AIR CONTA!HHANTS 

TLVa) 
(ug/M3)b) Source 

3 
Det:ection Lir.~it Element (uq/M ) 

p Fe-55 100 to 300 12 

Ca Fe-5S 10000 to 20000 0.9 

v 'Fe-55 50 to 1500 1.2 

Cr Cd-109 sao 6.5 

Mn Cd-109 sooo S.7 

Fe Cd-109 1000 to 10000 S.2 

Ni Cd-109 100 to 1000 4.2 

cu Cd-109 200 3.8 

Zn Cd-109 1000 to 20000 3.S 

As Cd-109 sao 2.9 

Pb Cd-109 lSO to 4SO 4.1 

u Cd-109 200 to 600 7.4 

Zr Cd-109 sooo 3.8 

Mo Cd-109 sooo to 20000 4.6 

Cd Arn-241 so to 150 37 

Sn Arn-241 2000 54 

Sb Ar.l-241 soo 61 

Ba Arn-241 sao 81 

a) Threshhold Limit Value - lower value quoted is a-hour Tir.~e Weighted Average, 
upper value is Short Term Exposure Lir:.it. (ACGIH, 1977) 

b) m.b Based on 8-hour Sample at 2 l.p.m. flow rate through 37mm di3. me r3ne filter. 

-13-
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THE APPLICATION OF X-RAY FLUORESCENCE TECHNOLOGY IN THE CREATION 
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Site Comparison Samples (SCS> and lreatahility studies 

I are contemporary tools used in the investigation IUld 
remediation of hazardous waste sites. Each depends on 
the development of large volume samples which are 
characteristic of the most diCficult conditions at a site 
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to treat. The use of X-ray fluorescence spectrometers 
(XRF> to identify sample locatioJL'i at 11 major Superfwld 
site is described. The subsequent proc'essiilg or samples 
into SCS materials and treatment samples is presented. 

INTRODUCTION 

.As byproduds or a growing lcl•hnulo~::it,al society 
continu•~ to find their way into lfu, o•uv ironmt,nt, LIM~ 
t:nvironmcntal Protection Ag"'"'Y <EI'I\1 must fat:t~ wt 
ever-expanding problem of how to ha.udle w1d measW'C 
the ha.nnful byprod.ucts. Before contaminants can he 
removed or neutralized, they must be char.Lcterized for 
type and quantity. field-Portahle X-rny Fluoresccrtt·e 
(fPXRF) instrumentation has been shown to he useful 
as a screening tool for heavy metals in soils at 
hazardous waste sites (1,2). ln~lruments a.re smaller 
than their laboratory cowtterpart.s, tr:-dllSportablc by a 
single i.ndividulll, hermetically sealed, and provide 
immediate data from analyses completed with little or 
no sample preparation. Analyses are either conducted 
in a field laboratory or in situ. 

The BWtker Hill Superfwad Site is located in the Coeur 
d'Alene mining district of northern Idaho. The site is 7 
miles by 3 miles. Primacy site contaminants are lead 
and zinc associated with the mining, beneficiation, 
smelting and ref"ming of lead-zinc-silver ores. Leltd 
smeltingcommen<.'ed. in 1917 wtd zinc refining 
operations began in 1927. Operations ceased in 1981. 
Over the period of operation of t~ facilities, metals 
were emitted to the atmosphere from both point and 
fugitive soUI'CeS. Tailings from the beneficiation 
operations were disch~~.rged to the Coeur d'Alene River 
prior to the construction and use of tailings 
impoWldments. These emissions and discharges resulted 
in widespread contamination of area w1th metals (3). 

The ma.nage1nerit of large, complex Supcrrw1d sites 
requires yeii.I"S of effort hy mw1y p>trt.ies, a.ttd is 
composed or a ~ries of individual projl"'ls w1d 
concurrent tasks. Each task requires development of 
its own quality assw-d.ncc plan. Quality control within 
and between projects relating to the same Site IS an 

Roy R. Jones 
Quality Assul'ance Management Office 

USEPA, Seattle, Washington 

James R. Pasmore 
Columbia Scientific Industries Corporation 

Austin, Texas 

ImPortant element or an overall quiuity assurance 
program. Due to the si2e or the site (21 square miles), 
the number or parties involved, and the length of time 
Wltil remediation is complete, the lL'ie of Site 
Comparison Samples <SCS> as tools for applied quality 
control allow quality 8SSUl"aDCe of data between 
projects on the same site. 

As a result, two requirements pn.o:;t!lltt.."t.. themselves 
simuJtaneousJy: 

(1) n.e need to develop large, hom~nous 
volumes of heavily contaminated soils for 
treatability studies , and 

(2) The need to develop large homogenous 
samples of soils whi1•h should he processed as Site 
Comparison Sample~; ("SC.S projt.-ct"). 

Field screening using FPXRF technology was selected 
as the analytical tool to ensure that appropriate soils 
were developed for both or these purposes. 

FIELD ACTMTIES 

Over 500 kilograms of soil was required for the site 
studies wtd the SCS project. The soils needed to oo 
heavily contaminated and as dry as possible. 
Authorization to proc-eed was received in October 
1987. Then cWTent weather <'onditions in non.hem 
Idaho were w1usually dry for Ulat time of year; henee, 
any field effort had to be mobilized quickly or 
postponed w1til the following swnmer. Postponement 
was not act..-eptable. The high cost or the treato.hility 
studies and the critiealnalm-e or the SCS project to lht~ 
long term quality control progrum at the ~ile demlUlded 
tfut.L soils of known cOJH~nlrat iooL'> with known data 
qull.lily be obtained; sample collection without 
concWT"ent wtalysis was not acceptable. Field 
activities needed to be supported, therefon!, with 
instrumentation that could be mobilized ~uickly, he 
pon.able enough to be moved throughout a large site 
and be capable of providing analytical responses to field 
personnel on a "real-time" basis. 

Equipment 

The FPXRF used at Hwlkcr II ill i.o; the X-M1~t ~0 
nui.Ilufaclul'\.'<i by Cululuhia Sei.,ntific hKitL,lriL'S 
Corporation. A teclu1ical description highli~ling its 
appltcahility for te.e at hll.Zardous waste !itles is 
prov1dcd by Piorek and Rhodes (4). The X-Met ~ i.s a 
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.elf~tained. battery powered, microprocessor-based, 
mu.ltlcha.nnel X-ray fluorescence analyze~" weighing 8.a 
tg. The surlace analysis probe is specially designed for 
field use. The X-Met 640 Is hermetically sealed IUld 
can be decontaminated with soap and water. The probe 
Includes a radioisotope source of Curium-244, a 
proportiOIUll COWlter and the associated electronics. 
The source is protected by an·NRC-approved safety 
shutter. 

Tile electronic unit has eight calibration memories 
called "models". Each model can be independently 
calibrated for as many as six elements each. These can 
be used to measure elements from aluminum up to 
uranium assuming two probes with the associltted 
isotope sources are available. The unknown Sllmple 
Intensities are regressed against the calibnttion cwves 
to yield concentrations. For the Btmker Hill site only 
lead and zinc were investigated and only two models 
were calibrated. Model 1 was calibrated from 
ba.ckgroWld up to 4980 mglkg Pb and 9791 mglkg Zn. 

Reference Soil Standards fol' Quality Control and 
Standardization 

The commercially available FPXRF systems use 
standards to establish calib['lltion cilrves for 
comparison. Heretofore there has not been a demand 
for FPXRF systems in hazardous waste screening. 
Because of this low demand, there were no standards 
commercially available w1til recently. Columbia 
Scientific Industries Inc. (CSil has produced the rirst set 
of commercially available standards designed r . . 
speciCically for hazardous wastes in soils. The primary 
calibnltion cwves are based on these standards, which 
are listed in Table I as CSI. A dewription of a 
calibration technique for X-Ray Analyzers used in 
hazlll'dous waste site screening is presented by Piorek 
and Rhodes (5). 

Sampling 

Sampling was completed in two days. Formerly 
acquired metals data was reviewed to identify several 
potential areas for 11eld screening. TheSt! were visited 
in an attempt to limit the num~r or areas at.·tually 
screened with the fPXH.f. Three areas ranging in size 
from less than one to gre11.ter than 10 acres appeared to 
be appropriate, i.e., existing data suggested heavy 
contamination at those locations, the soil matri" was 
typical of the area, the areas were accessible and dry, 
and samples processing could be tU:Complished without 
disrupting othel" activities. 

FPXRF screening was II.CCOmplished in two steps. first, 
a series of stations were staked and located on site 
maps. A two-person crew was used, one to set stakes 
and one to map the sample locations using a BI'Wlton 
compass and a 300 fool tape. Second, a two-person 
FPXRf crew completed on site screening at each 
station. One person opel"llted the instrument and one 
sened as dat.!l. recorder. 

fPXRf data was acquired at each or the llu'"' lu.rgf't 
a.reas at a l"llle which exc~L'<.l one data point (.lei' two 
minutes. The rete limiti.ug factor at ~ach t~1q~cl aJ'Cll 
was the time required to !iur.-ey the sampliug gnd, not 
to overate the fPXRF instrument. It m11;ht h .. ve n.-.,? 
possible to elimiuate the second f."'r.>OII on the ~ f>X IU 
crew without compromisiug the dtttu lll'QIII~JtiOII rute. 
More time w!IS n!tJUired to move bctwecu raq~et 11l"C11.S 

than to sample once the tetUTJ w!IS 111 a11 lil"t!ll. TVPil'ul 

' .. 

FPXRF me8surement times were 20 seconds per data 
point. 

The levels or contamination as measured by the FPXRF 
ror stations within the three areas ranged from 2300 to 
70,000 mglkg fol" lead, and 750 to 27,000 mglkg for 
zinc. These values cannot be compa.rt!d directly to 
contaminant values as obtained by standard SW 846 
methods Ol' CLP methods because they use partial 
digestions or extracts for analysis and FPXRF provides 
total elemental (or bulk) analyses. 

Based on a review of these data, bulk solls were 
collected at two target areas between stations 
exhibiting the highest contaminlltion levels. Sixteen 
samples, each with a field weight of at least 60 potmds 
was coUected. Prior to shipping , each of these was 
analyzed in duplicate for lead and zinc by the FPXRF. 
Lead contamination in the samples ranged from 15,000 
to 67,000 mglkg. Zinc ranged from 1900 to 28,000 
mglkg. Samples with this level of contamination were 
adequate for both the SCS project and the treatability 
studies. 

SCS DEVELOPMENT 

As analytical instrumentation has moved into the field 
to complement labol'lltory instnunentat..ion, so lutve the 
inherent problems of quality assurance and the 
application of field quality control to compare to data 
produced by established "conventional" methods of 
SlliRple llllalysis. Given the problems or varillhility in 
results caused by selection of sampling points on a site, 
or by variability in relative large volume samples l.atet 
analyzed by small aliquot "high sensitivity" 
methodologies, project officel"S and swnple plan 
designers have turned to two recognized QC procedures 
to establish comparability; splitting samples hetween 
lllla.lytica.l facililics wid incre&SPd usc nt· Standllrd 
H.efercll<'e Materials. With the i.rwrea.-.t:d \1St! of 
contract laboretory facilities, the p1vhlcms have 
iucrea.sed disproportionately with t:uch Hdded analytical 
facility introduced in the larger multiple party 
sites.Cost and resource expenditure in time and 
logistics increBSt!. 

Definition 

"A Site Comparison Sample <SCS> is a site s~·ifit.· 
reference matel"ial which is represcutative of the type 
of problems encountered when Hllalyzing or lreHting 
materials from the site." SCS's: 

• Contain key contaminants in the matrix or 
the site; 

Are available in sufficient numbt:rs to 
satisfy nwnerous site rnBJa~cmeut H.ud 
QAIQC purposes; 

Exhibit the lowest possihle coefficient of 
variation (cvJ; 

Are mBJ1aged h.v Hll organi:.:al iou t·ap.thle or 
being a dcposatory of w•alytu·al n....._.lts. 
providing It cu 1111 uon ,u:u•;ot;c•rru·ul pou1t Cor 
quality a.o;sUI-.JJICC, llllCI"- dJJ<.I 
intre-lahoratory .. tullu">. 

SCS differ from .St1111dHrrl Kcrcre'""" M:olcrlal' ISK~Il b, 
virtue of bemg site specafia•, a11d uot 1-'""10'"'"<1 Ul>dPr " 
prot04:ol ~111rin~ the pn--n•h-:L'*' n~:urou' 4Jialvt 11 ""' 
method Spt!('ilic, SllltiSti<·aiiV V<llldlllCO 
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~terizatlon applied to SRMs. They al..a differ 
fro~ Pet:'fonnance l::valutltion (PEl samples used in 
atud.ies to directly compare inter-hilioratory resuit.s 
Wkier _a defined methodology. A SCS stock could 
~tvllhl~ provide the material for a SRM or PE but 
~out~ n;quire those protocols to be !ipplied before' 50 
ident1fymg. 

Quality assurance or data developed from multiple .... · 
IIOt1l'CeS presents a complex situation. One majol" · ~ · · 
pl'Oblem is the questioo or sample variability and 
~mparability caused by distribution or compounds or 
tnterest 011 a site. A second is lh~ variability inherent 
In, and between, analytical methods, particularly due to 
matrix interference errects. Two common techniques 
COl" dealing with these prohll!OIS are the use or "split" 
SIUIIples and WtlllyS(~ or St WKhu'd Reference Malerillis. 
Sptitli.ng Ull'rell.Sei the risk or m11gllifying the problem 
due to distribution; standard reference materials 
seldom reflect the mlltrix effects present in "lllltw-al" 
site samples. 

Late in 1984 and early in l!JH5, the t!oucept or 
manufacturing a homogcniz(.'fi hulk sampl~ Willi 

developed to provide vendoi"S of propietary soil 
stabilizatioo sei"Vices w1iform materiltls for evaluation. 
The use or screening teclutiques to d~fiu~ areas or 
concern on a site was directly applied to statistically 
cboos.ing sow-ces of material to provide a sample 
representative of the more highly contaminated 
material distributed in the m11trix of the site. Mixing 
methods were investigated from the viewpoints of cost, 
available resourees, and practicality. Separate 
elements of the methodology were tested on available · 
materials at various sites. Protocols and standard 
operating procedw-es regarding from where to select 
the material, how to homogeni:t:c it, ltnd how to fill the 
bulk sample contlliners in a maruter that would redu<:e 
bias in the distribution or the Ulllterial to the large bulk 
containers were developed. 

The question of how to mix bulk samples or site matrix 
materials to achieve a relatively homogenized material 
had to be answered empirically. Because or the wide 
variety or particle sizes, moisture content, cohesive 
chacacteristics and distribution or contaminants, it was 
decided to thoroughly mix the material for the first 
1400 pound sample hy manually quarter piling through 
several cycles; and then do a multiple random rill or 
enough buckets (sixty-nine) to meet all projected 
needs. It was labor intensive, and took 4 people most 
or one day. 

The sequence of events discussed in the creation of the 
bulk reference materials led logically to the concept of 
further treatment or the bulk material to provide a 
"Site Comparison Sample <SC.SJ" for each major site. 
Initially, ~~.pproximately two dozen!! oz. sample 
containers were "hroken out~ of a bucket, and used fol" 
compllrlltive analyses to c.lctcrmiuc the degree of 
mixing !Whieved. Som" pn~o;un- was felt to supply 
some of these for comp11riwn analyses instead or 
splitting samples. At that time, resources were not 
available to so use the materi11l; uo statistically sow1d 
evaluation of the material existed to back up 11.ny 
results. 

rt .cannot be emphasized too heavily that the SCS is not 
be to considered a sample th11.t represents the !U'lUal 
corK.-entration of a contami.nw1t at any g1V1'll poi.ut uu 11 
site. Also, it cwu1ol initially he t·ou.sid.,r-cd as a tnH' 

SRM, !!.IU10ugh it may he• P<l""''"lc tu up-gr.H.It: it's ~talus 
if a large number of SCS are generated, auc.l enou~h 

-, 
, . 
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analytical resou.r~:es ll.n! uvailable to utilize a portion or 
the banked samples for a statistically sowtd 
&tandardlzatlon analyses. The COik:ept of the SCS is to 
produce a material that Mill be used In lieu or split 
SIUIIples, and provide a data bwak for both C.."Oittinuing 
and retroactive analysis or variation due to differing 
methods of sample acquisition, handling, and analyses. 
As the discrete SCS will be archived in controlled 
storage, the effects of hOlding time can be 
demonstrated for eachJset by continuing 
charaCterization analyses. The more SCS analyzed, the 
stronger the statistical evaluation or all data generated 
by analyses becomes; not only of the SCS bank itself, 
but of U.e sample of record d11.ta IUid tl.e laboratories 
producing the data. 

lit Statistics there is Ute "Tite Central l.imit 
.Tlll.'Orom": It st11.tcs: 

•from an wlknown disll"ibuti011 11. 1'8Jtdom sample 
size n ili obtained. If n is allowed to tx . .-comc 
larger, the sample mean will behave as ir it cllllle 
from a Normal distribution, rega.rdii!Sii of wh11.l 
the parent distribution looked like." 

John Webber, Statistician Cor EPA Ofrice of Policy and 
Planning, had provided a table illustrating how 
Normality affects a sample population (Table II) taken 
from a wliverse, and reverse logic suggests that very 
low vuiances could be expected from discrete samples 
or nh, especially if the discrete samples were 
produced hy actually filling the rw1domly selected 
sample contaillei"S with a series of multiple portions 
selected at random from the hulk nh mat~rial. (The 
"double random" referred to hereafter.) 

Reasoning from this point, if 11 is sutTit!il'nll_y large, and 
then thoroughly mixed or homogenized, multiple 
MUidom creation of "h should result in 11. low Vlll'iance 
that approaches the "true" value of the concentration 
of the mewt of n. As the number of random selections 
used to create nh increases, the coefficient of 
variation should decrease. 

Through the balance of 1985 and into 1986, the 
analytical results from the stabilization te!>ts made on 
the bulk materials were reviewed Protocols were 
developed through experimentation to mix sludges of 
water, sediment and hydrocarbon produets. A protocol 
for groundwater SC& was developt!d 

Finally, in late 1986 an opportWlily presented itselt to 
produce wt actual SCS for 11 large, established 
Superfund site. This dovetailed with the trial of the 
X-Met FPXRF equipment, wtd m11de it possible to more 
soundly screen the bulk "raw material" for both 
stabilization studies and two SCSs; oue "lligh" range a.nd 
or.e "low" range. A fairly 11mbitious desi~1 wll.S 

proposed to produce between 300 wid 500!! oz. samples 
in e11ch range. 

E.xperienL't! with the homog~nizlltion of the or·iginaJ 
stability samples suggested that it would he desir:l.ble to 
utilize more efficient methO<.b of ruixiug the huUt 
sample material. AL'COI"<iiugly, a "drum roller" w~ 
obtllined, and 55 gal O.T. steel drums were mod1f1ed 
with two interior deflection vw1es similar to those used 
in industrial dry mixing of malt>rials. The hulk s.ample 
m11tcrial was bat~:;hPd through this drum !Uld then spread 
out in a c.listributiun hox for Lite double ,-,uHium 
selection of the ~CS samples. The ~tvailtt.hl,., qu~motv of 
m11.terial dictlllt'd that ouly a single SC.S he pn.Uue<·d. w 
the "high" wtd "low" hulk retains were incorwnot~ 11110 



a single batch frx' processing. 

The 600 allquot..s have been "banked", and a master 
random distribution list prepare<i. From the bank, an 
Initial set or 10 SCS (the nrst block on the list) were 
supplied to the USEP A Environmental Monitoring 
Services La.bonltory, Laa Vegas, NV. for preliminary 
chancterization analyses. At the same time, a 
principle contractor was issued the next 30 samples for 
release to their contract labonltories for the same 
purpose. AU analytical data results are to be reported 
to ~on 10, and a nmning control chllrt of results 
developed. 

As the number or samples analyzed increases, the data 
will become progressively more renned, and amenable 
to other statistical analyses to more <'losely define the 
sources of variability, from laboratory, to method, and 
to a certain extent, the effects of holding time. Data 
currently available are presented in Figures I and 2. 
Altho~ the number of da.ta points are Limited, there is 
a suggestion that inter-laborBtory d.ifferenees may be 
lmpon.ant (Figure 1), and that overall cv's are low (less 
Uwl30%). 

As related. this is an ongoing developmental effort. 
Preliminary data indieate the approach is sowld. For 
middle to large site hazardous waste operations, and for 
long term ambient monitoring projects, the economies 
of scale would apply. for improved data quality Slid 
scientific credibility the concept is entirely appropriate 
&nd defensible. The prd.ctieal application awaits 
resources and initiatives on the part of the user
progams. 
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Table I 

Concentrations of Standards 

Standard Elements: 
Name 

1 CSI IB 
2 CSI2B 
3 CSI 38 
4 CSI5R 
5 CSI61J 
6 CSI 70 
7 CSISH 
8 CSI98 
9 CSilOB 
10 CSl llB 
11 CSI 12B 
12 CSI13B 
13 CSI 14B 
14 CSI 158 

Pb Zn Cu 'is' 
(All values are in mg/kg) 

0 4790 4790 6970 
0 0 0 11,340 
4980 0 0 0 
240 240 8160 7740 
484 4112 6300 5590 
47HII 4!1110 311111 11,070 
1474 9!J3 29fi0 4530 
19!10 2970 91:12 3390 
2930 3910 1960 2250 
2440 63GO 490 1140 
3405 8270 243 565 
41:!6 !17!11 9(; 224 
0 0 4950 0 
0 4950 0 0 

Table II 

IUu.stt"B.tion of How Normality Affects Samples 

Let us phrase the question ~How many samples do I need to be withi~ Q 
sigma ~s" <Standard Deviations) of the true value'!": 

Q Sigma 
"s" 

2s 
Is 
0.75s 
0.5s 
0.4s 
0.3s 
0.2s 
0.1s 

from: 

Confidence ConfidenC'e Confidence 
!fO"/u !1!)"/u 99% 

Normal Wo~l Nor·mal Worst Nornuil Worst 
CalK! Case Ca.o;c 

I 3 I 5 :! :!5 
3 Ill 4 :!0 (j 100 
5 IH 7 3(i 10 17H 
ll 40 l(j !!0 :!2 400 
17 63 25 125 34 625 
31 112 43 223 61 1112 
68 250 97 500 136 2500 
271 1000 385 2000 543 10000 

"Statislil'al Considerations in Sampling fluardous Waste Sites", Jolm Warren, 
E.P .A.IO.P .R.M. 
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Portland, OR 97204 

Rick Chappel 
303-458-1311 

or. Bill Reily 
503-967-5851 

Jack Mclaughlin 
713-771-9460 

Mike Bray 
206-624-9537 

Mike Bell 
Rod Schaffter 
216-543-9845 

Barry Buckendorf 
208-834-2275 

Craig Rice 
301-730-8525 

Greg Busch 
317-232-8933 

Greg Raab 
702-734-3332 

Frank Dyer 
615-574-4871 

Charles Lytle 
Gary Bigham 
206-643-9803 

TWX 910-874-1364 
W A TS Line for Calls Outside Texas 

B00-531-5003(in USA} 
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(dump site) 
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Waste 
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Waste 
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Waste 
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transfer) 
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Waste 
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Waste 



COLUMBIA SCIENTIFIC INDUSTRIES CORPORATION I 
P.O. Box 203190 

Austin, Texas 78720 
Phone (512) 258-5191 

Shipping Address: 
11950 Jollyville Road 
Austin. Texas 78759 

X-MET HAZARDOUS WASTE USERS 

JULY 1989 

Southwestern Labs, Inc. 
P. 0. Box 8768 
Houston, TX 77249 

U.S. E.P.A. 
215 Fremont Street 
San Francisco, CA 94105 

u.s. Pollution Control, Inc. 
Suite 400 s. 
2000 Classen Center 
Oklahoma City, OK 73106 

Jacobs Engineering 
12600 W. Colfax Ave. 
Suite A300 
Lakewood, CO 80215 

Envirosafe Services 
876 Otter Creek Rd. 
Oregon, OH 43616 

U.S. Dept. of Energy 
Martin Marietta Systems Div. 
Plant X-10 
Oak Ridge, TN 37831 

Eppert Oil 
9100 Freeland 
Detroit, MI 48228 

NUS Corp. 
3280 River Road 
Cincinnati, OH 45204 

State of New Jersey 
Windsor Industrial Park 
Main Street (18A) 
Windsor, N.J. 08561 

Chen-Northern 
Box 4699 
Helena, MT 59604 

N.E.I.C. 
Denver Federal Center 
Bldg. 45, Door S-2 
Denver, CO 80225 

Stan Daigle 
Bob Koester 
713-692-9151 

Matt Monsees 
Bi 11 Lewis 
415-974-7464 

Bruce Bennett 
801-678-3344 

Gary Mi 11 er 
303-232-7093 

Jeanie Wilhite 
419-726-1521 

John Nyquist 
615-574-4646 

Claudia Graham 
313-273-7374 

Scott Engle 
513-251-2730 

James McCarthy 

Dave Hazen 
406-443-5210 

Chuck Ramsey 
Don Smith 
303-236-5132 

TWX 910-874-1364 
W A TS Line for Calls Outside Texas 
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SAPS-Cd 
(840) 

SAP S-Cm 
(840) 

OOPS Cm/Am 
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SAP S-Cm 
(840) 

(2) HEPS Cm/Am 
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SAPS-Cm 
(880) 
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(820) 

SAP S-Cm 
(840) 

OOPS Cm/Am 
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SAPS Cm 
SAPS Am 
(840) 

OOPS Cm/Am 
(880) 
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